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DFT-Based Study of the First PCET of the OER on Large (001)-Exposing Anatase TiO2 
Nanoparticles in a Water-Splitting Environment 
Patrick Saitta 
 
This dissertation computationally studies the oxygen evolution reaction (OER) that occurs at the 
surface of titanium dioxide (TiO2) nanoparticles in water, specifically the first proton-couple 
electron transfer (PCET) of four sequential PCETs that the overall OER comprises. To do so, we 
first modelled TiO2 nanoparticles and developed a realistic passivation scheme for the 
nanoparticle’s surface in an aqueous environment. Additionally, we developed a fragment-based 
initial guess (FIG) methodology in order to make studying systems approaching real-life 
nanoparticle sizes computationally tenable. The FIG methodology allowed us to employ hybrid-
DFT (B3LYP) calculations to study systems of around 5000 basis functions, or more than 500 
atoms. Then, we simulated the PCET by selecting particular points along the PCET reactant 
pathway and optimizing the system at each of these dozen points. In order to make these 
optimizations occur in a tractable amount of time, they were run on the STAMPEDE 
supercomputer operated by the Texas Advanced Computing Center (TACC), implemented with 
an OpenMP/MPI hybrid parallelization. These optimizations provided us with a picture of the 
electronic structure changes that occur over the course of the PCET and allowed us to calculate 
theoretical overpotentials to the PCET, both of which inform our conclusion of the nature of the 
inefficiency of the solar water-splitting reaction. In short, our studies show the major source of 
inefficiency to be the thermodynamic instability of the intermediate oxygen species (a hydroxyl 
  
adsorbate) on the surface of the nanoparticle. Additionally, while the hole created by 
cationization does lower the overpotential of the PCET, we do not find that this is because the 
two happen concertedly, which would confer stability to the system and lower the total energy, 
but rather for some other reason. Additionally, we do not find that the hole gets filled by the 
transferring electron of the PCET, raising questions as to how the OER can continue to occur 
without the structure of the nanoparticle degrading.
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Chapter 1: Introduction 
 
In a photoelectrochemical water splitting solar cell, depicted in Fig. 1, the overall 
chemical reaction is 
(1) 2 𝐻2𝑂 ⟶ 𝑂2   +  2 𝐻2                   𝛥𝐸  =  4.92 𝑒𝑉 
 
The source of the 4 × 1.23 eV = 4.92 eV of input energy is light, in which, nominally, one 
photon increases the potential energy of each of four electrons by 1.23 eV on average. [1]  
Typically, the anode consists of a mesoporous layer of semiconducting nanoparticles that absorb 
a photon to excite an electron across the band gap of energy Eg, thereby increasing the potential 
energy of the electron by Eg. Thus, the minimum nanoparticle band gap for a functioning cell is 
1.23 eV.  
 
Figure 1 - Schematic of a water splitting solar cell, in which water is used up (red dashed 
border) and hydrogen and oxygen are formed (green dashed border) as the electrons increase 
in potential by 1.23 V. The representative materials and Fermi levels of the electrodes are 
shown using orbital energy diagrams: the anode is a semiconductor with a gap of at least 1.23 
eV, valence band shown in red, and conduction band shown in gray; and the cathode is a metal, 
typically platinum, with the Fermi level shown by the intersection of the filled red states and 
empty gray states. In the water molecules, the red circles represent electrons, the blue circles 




1.23 eV of input energy per electron transferred must be put toward increasing the potential 
energy of only one electron; any extra energy required for the cell to function is attributed to the 
“overpotential” of the cell. One of the most important questions to answer in the study of 
photocatalytic water-splitting in TiO2 is to identify the large energy loss caused by the large 
overpotential associated with the reaction OER at the anode [2, 3]. To illustrate, were the band 
gap of the nanoparticle were equal to the free energy of the ideal water-splitting reaction, 1.23 
eV, then the efficiency of the electrocatalytic cell is 41% [4]. Typical sources of overpotential in 
semiconductor-based photoelectrochemical cells include resistance in the external wire through 
which the electrons travel, inefficiencies in the proton transport/hopping through the electrolyte 
(nominally water) [49], poor charge separation/recombination of electrons and holes in the 
nanoparticles [6-13], and, as is the focus of this work, unstable intermediate species [3, 14, 15] at 
the surfaces of the nanoparticles during the OER.  
In a working photoelectrochemical cell, eq. 1 is broken up into the OER occurring at the 
anode and the hydrogen evolution reaction (HER) occurring at the cathode: 
 
(1a) 𝑂𝐸𝑅: 2 𝐻2𝑂  +  4𝛾 ⟶  4 𝑒
−   +  4 𝐻+   +  𝑂2 +  𝛥𝐸𝑂𝐸𝑅 
(1b) 𝐻𝐸𝑅: 4 𝑒−   +  4 𝐻+   ⟶  2 𝐻2 +  𝛥𝐸𝐻𝐸𝑅. 
 
Here, four photons γ are added to the reactants in order to explicitly state the input energy 
source that provides the required 4.92 eV of energy; with these photons explicitly present in the 
equations, there is no need to include ΔE = 4.92 eV to the right of the equations. Ideally, 
powered by these four photons, the water splitting would then proceed unassisted, i.e., there 
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would be no overpotential in the cell and ΔEOER ≤ 0 and ΔEHER ≤ 0. If ΔEOER > 0 or ΔEHER > 0, 
then these energetic requirements for water splitting would be attributed to the overpotential.  
While other mechanisms have been proposed [16-18], it is typically assumed by most in 
the field [14, 19, 20] that the OER proceeds via four PCETs, each of which begins with a 
nanoparticle absorbing a photon to create a free electron in the nanoparticle’s conduction band 
and a free hole in its valence band. Describing the nanoparticle + adsorbate by *AiH, where 
* is 
the nanoparticle with the reaction site unpassivated and AiH is the adsorbed surface species at the 
start of PCET i, then the photoexcitation is described by 
 
(2) 𝛾  + ∗ 𝐴𝑖𝐻 ⟶ (𝑒
− + ℎ+ + ∗ 𝐴𝑖𝐻). 
 
The energetic requirements for this process are Eγ ≥ Eg ≥ 1.23eV, and, as our focus is 
elsewhere within the OER, we assume that these requirements are satisfied.  
 
We likewise assume that electron-hole recombination, exciton formation, and electron 
trapping and hopping are all insignificant and that the conduction band energy is greater than or 
equal to the Fermi level of the cathode so that the transfer of the electron from the anode to the 
cathode occurs spontaneously: 
 
(3) (𝑒− + ℎ+ + ∗ 𝐴𝑖𝐻) ⟶ (ℎ
+ + ∗ 𝐴𝑖𝐻)  + 𝑒
− . 
 
Thus, at the beginning of each of the four PCETs of the OER, the nanoparticle at the 
anode, (h +  + *AiH), has a  + 1e charge (it is “cationic”) due to the presence of the hole. We 
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further ignore how the electron and hole transfers occur after they are created by the photon and 
assume that the cationic nanoparticle at the beginning of each PCET is in equilibrium and is thus 
fully geometrically relaxed.  
 
Thus, adding eqs. (2) and (3), each photoexcitation step is described by 
 
𝛾  + ∗ 𝐴𝑖𝐻 ⟶ (ℎ  +    +  ∗ 𝐴𝑖𝐻)  +  𝑒−   , 
 
each of which is followed by a PCET of the form 
 
(4) (ℎ+ + ∗ 𝐴𝑖𝐻) ⟶ ∗ 𝐴𝑖  +  𝐻
+ . 
 
Note from this form of the PCET that the “Electron” referred to in “PCET” is the one 
originally belonging to the H atom in the surface species AiH (see eq. 7 for an example of this 
explicit dependence). Likewise, the “Proton” (the H + ) is the one originally belonging to the 
same H atom. In a PCET, the electron and the proton from the H atom move in different 
directions; as will be shown in Section 4.2, while the proton transfers away from the nanoparticle 
onto an explicit solvent water molecule, the electron transfers into the nanoparticle.  
 
Before the first and third photoexcitations, a solvent H2O adsorbs to the reaction site on 
the nanoparticle surface, and after the fourth PCET, an O2 desorbs from the reaction site. The 




𝐴1𝐻   =   𝑂𝐻𝐻 
𝐴2𝐻   =   𝑂𝐻 
𝐴3𝐻   =   𝑂𝑂𝐻𝐻 
𝐴4𝐻   =   𝑂𝑂𝐻.   
 
Putting it all together, the 11 steps of the OER are: 
 
(5) Adsorption 1: ∗  + 𝐻2𝑂 ⟶ ∗ 𝑂𝐻𝐻 
Photoexcitation 1: 𝛾  + ∗ 𝑂𝐻𝐻 ⟶  (ℎ+ + ∗ 𝑂𝐻𝐻)  +   𝑒−  
PCET 1: (ℎ+ + ∗ 𝑂𝐻𝐻)  ⟶ ∗ 𝑂𝐻  +  𝐻+ 
Photoexcitation 2: 𝛾  + ∗ 𝑂𝐻 ⟶  (ℎ+ + ∗ 𝑂𝐻)  +  𝑒− 
PCET 2: (ℎ+ + ∗ 𝑂𝐻)  ⟶ ∗ 𝑂  +  𝐻+ 
Adsorption 2: ∗ 𝑂  +  𝐻2𝑂 ⟶ ∗ 𝑂𝑂𝐻𝐻 
Photoexcitation 3: 𝛾  + ∗ 𝑂𝑂𝐻𝐻 ⟶  (ℎ+ + ∗ 𝑂𝑂𝐻𝐻)  +  𝑒−  
PCET 3: (ℎ+ + ∗ 𝑂𝑂𝐻𝐻)  ⟶ ∗ 𝑂𝑂𝐻  +  𝐻+  
Photoexcitation 4: 𝛾  + ∗ 𝑂𝑂𝐻 ⟶  (ℎ+ + ∗ 𝑂𝑂𝐻)  +  𝑒−  
PCET 4: (ℎ+ + ∗ 𝑂𝑂𝐻)  ⟶ ∗ 𝑂𝑂  +  𝐻+  
Desorption: ∗ 𝑂𝑂 ⟶ ∗  + 𝑂2. 
 
Aside from that provided by the four photons γ, if any of these steps requires energy, i.e., 
has an overpotential, then the OER will not proceed spontaneously and more energy will 




Chapter 2: Background 
 
Renewable energy sources will only become increasing important as unrenewable fossil 
fuel reserves deplete and climate change exacerbates, necessitating the development of clean, 
noncarbon-emitting renewable sources of power generation [21]. Wind, and solar energy sources 
are lead candidates, as they don’t pollute when harnessed for energy and the source of their 
energy is easily accessed and infinite. Due to their intermittent nature, properly robust energy 
storage capacity must be developed to store enough energy to meet demand even during off-
times. 
Molecular hydrogen, H2, is a promising clean, replenishable fuel source and energy storage 
possibility. It can be generated by harnessing sunlight via photocatalytic water splitting and a 
proper catalyst to make the reaction possible. 
The promise of water splitting for the production of hydrogen gas as an energy source [22] 
and energy storage [23] is well-documented. In short, if the energy required for the process 
2 H2O ⟶ O2 + 2 H2 is provided by the sun, the resulting H2 can be endlessly produced, 
transferred, and burned with O2 to produce useful energy, with the only by-product being H2O, 
which itself is useful, for example, in areas experiencing drought. Moreover, molecular hydrogen 
has the highest specific energy content as compared to competing energy carriers such as 
electricity and biofuels, other renewable sources like wind and biomass, and even traditional 
carbon-based fuels [12, 24]. The benefit to society of such an energy-dense, renewable material 




However, it has been found that water splitting is not yet economically viable due to an 
inefficiency in a subreaction of the overall water splitting reaction called the oxidation evolution 
reaction (OER). As the OER typically requires charge separation, it is often performed on the 
surface of a catalyzing material that fosters this separation of charge. Catalyst surface area can be 
maximized by using micro-sized clumps of nanoparticles; thus, efforts to increase the efficiency 
of the OER have often been focused on modifying the chemical makeup, size, and shape of the 
nanoparticle catalysts used.  
The prototypical catalyst is TiO2 in the rutile polymorph, which was that used in the first 
successful demonstration of water splitting in 1972 by Fujishima and Honda [25]. Since then, it 
has been proposed that using TiO2 nanoparticles in the anatase polymorph with high exposure of 
the (001) surface would improve OER performance [6, 26, 27] due to longer carrier lifetimes 
[10] and higher electron mobility [28] comparatively. At the same time, it has been found that 
the OER requires less energy when it occurs at the steps in a terrace-step surface structure [29, 
30] or at edges [31] at the intersections of surfaces, which have similar physical properties as 
steps.  
This dissertation aims to explain the source of the overpotential oxygen evolution reaction 
occurring at the (001) surface of TiO2 nanoparticles at an atomic level. In particular, we aim to 
provide a detailed mechanistic understanding of the proton, electron, and hole transfers involved 
in the OER’s bottleneck process, the first of its four proton-coupled electron transfers (PCETs), 
due to the relatively unstable OH species left on the surface.  
To do so, after reviewing the relevant physical concepts in Section 3.1, in Section 3.2, we 
built large (001)-exposing anatase TiO2 nanoparticles from scratch, passivated them 
appropriately for the aqueous environment they react in, and then optimize their structures using 
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simulation methodologies that are at least as faithful to experiment as we have found in 
literature: hybrid DFT (B3LYP), an atomic orbital-based basis set (LACVP), and both implicit 
and explicit solvent models. We show that we obtain nanoparticle geometries and electronic 
properties that agree well with previous experimental and computational results. We further 
present a least-squares method for calculating the “ionicity” of the eight unique types of bonds in 
our system using the atomic charges from Mulliken population analyses, finding in particular 
that Ti atoms at the (001) surface receive negative charge from surface-adsorbed waters while 
giving negative charge to bulk O atoms. Achieving these geometries and associated 
wavefunctions allowed us to move on to simulating the first PCET of the OER through a series 
of fixed geometry optimizations. 
We performed detailed simulations of the first PCET of the OER by explicitly pulling a 
proton off a water molecule adsorbed to the (001) surface to a nearby solvent water, and then 
continuing to pull the resulting hydronium ion away from the nanoparticle surface. To do so, 
about a dozen points along that reaction coordinate were chosen and the system was optimized at 
those points while freezing the adsorbate oxygen atom and explicit hydronium ion oxygen atom 
in space to lock in the reaction coordinate. Atoms more than 10 Å away from the reaction site 
were frozen as well, in order to make the optimizations inexpensive enough to complete in a 
tractable amount of time; these atoms are far enough away from the reaction region of the system 
to have negligible effect on the optimization. Using the same methodologies as for the 
nanoparticle optimizations, we obtain good agreement with previous work for the total amount of 
energy required for the PCET to proceed, i.e., the kinetic overpotential. Further, we find the 
PCET actually requires more energy when it occurs at an edge of the (001) surface than in the 
middle of the surface, in contrast to the finding that the overpotential is smaller at steps and 
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edges than on surfaces [32]. In addition, we find the PCET requires more energy on uncharged, 
hole-free versions of the nanoparticles, in agreement with previous findings showing that holes 
tend to catalyze the PCET [33-35].  
Having found good overall agreement with previous experimental and computational 
studies for both the nanoparticle properties and the first PCET of the OER, in Section 4.3 we 
take a step back and ask how the proton, electron, and especially the hole involved in the PCET 
can inform these results. We consider the implications of our finding that throughout our 
simulations of the PCET, the hole does not interact with the transferring electron at all. We 
resolve this with our finding that the hole, at least in the optimized nanoparticles, is not nearly 
oxidizing enough to capture the electron. All of these results are put together to provide a 
plausible answer as to the source of the overpotential observed in the OER and changes that 












Chapter 3: Modeling TiO2 Anatase Nanoparticles 
Before we could study the kinetics of the first PCET of the OER catalyzed by titanium 
dioxide nanoparticles, we first needed to construct the nanoparticles and optimize their structures 
using first principles methods. In order to do that, a new methodology to generate the initial 
guess was required to handle nanoparticles as large as the ones we sought to model were. Our 
group has previously developed an accurate methodology for modeling titania nanoparticles [36], 
in which all aspects of the problem are treated at least as realistically as throughout literature, 
and we think that applying this methodology to our problem here is apt and provides a better 
understanding of the system for the field in addition to the TiO2 structures we used to study the 
OER. 
We use density functional theory (DFT)-based methods to model the nanoparticles we 
create and obtain energies and structures of the ground state. We note that using DFT-based 
methods, where a localized Gaussian basis set positioned at each atom is used to expand the 
Kohn-Sham orbitals and an auxiliary plane wave basis set is used to describe the electron density 
to describe the orbitals, has been shown to be appropriate for large-scale DFT simulations [12, 
37]. Use of semiempirical functionals employing pure generalized gradient approximation 
(GGA) can be useful for pure metal systems [37] but fail to model accurately the electronic 
properties of metal oxide systems, ultimately stemming from incomplete cancellation of the 
Coulomb self-interaction in the GGA functionals [38]. The use of hybrid functionals, like 
B3LYP, overcomes this shortcoming by mixing exact exchange from Hartree-Fock exchange 
and correlation from GGA [39]. Although this is more computationally expensive, accuracy of 
the simulations increases. We note here that we don’t expect the band gaps obtained herein to 
compare particularly well with experiment: in addition to finite-size-effect considerations [40], 
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the use of hybrid functionals to model metal oxides are known specifically to overestimate the 
bandgap of these semiconductors [32, 12]. Despite this, we otherwise expected our results agree 
well with experiment and theory, giving us a confident starting point for the PCET simulation. 
 
3.1 Cutting TiO2 Anatase Nanoparticles from Their Bulk Structure 
To proceed with our experimentation, 3D models anatase TiO2 nanoparticles were made 
by obtaining the coordinates of bulk anatase TiO2 atoms from the Cartesian coordinates of the 
atoms in the unit cell from a high-quality submission (#63711) in the ICSD Web database [41] 
and copying them in all three spatial directions in MATLAB. 
While the anatase crystal structure is shown be the most reactive polymorph of TiO2 [6, 
26-28, 42, 43], which surface is more catalytically active has been subject to debate. There are 
two primary surfaces of the anatase TiO2 nanoparticle – the (101) surface and the (001) surface. 
In recent years, there has been an increase in experiments [44-48] focusing on synthesizing TiO2 
anatase nanoparticles that predominately expose the (001) surface, owing to earlier experiments 
suggesting that it is the more reactive catalytic surface [6, 14, 36, 49-52] owing to its larger 
conduction band edge energy [8, 53]. Ultimately, we choose to study this surface in order to be 
able to study the first PCET of the OER – as will be discussed in Section 3.2, this surface is 
passivated by water molecules, the adsorbate reactant of the first PCET, whereas the (101) 
surface is passivated by hydroxyls, the adsorbate reactant of the second PCET. Additionally, 
anatase TiO2 is the most stable polymorph at the size of the nanoparticles we seek to model [54]. 
In order to create nanoparticles in the Wulff-constructed, experimentally-verified truncated 
bipyramid structure that exposes two (001) surfaces (top and bottom) and eight (101) surfaces 
(sides), unique cuts along the corresponding directions were made by (1) ensuring the exposed 
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atomic planes were auto-compensated and non-polar [55] (i.e. ensuring the number of Ti – O and 
O – Ti cuts are equal so as to retain neutral surface charges everywhere), and (2) choosing those 
that required cutting the fewest bonds per unit area. The first criterion defined the cut to be made 
in the <001> direction well, but left which cuts could be made in the <101> direction ambiguous. 
The second criterion would generally lead to the lowest-energy cut of the bulk and, importantly, 
defined the cut needed to be made in the <101> direction well. This results in nanoparticles of 
chosen dimension and shape liberated from its bulk structure. We were able to create a catalog of 
anatase TiO2 nanoparticles of different sizes and shapes that exposed the correct atomic planes. 
We verified our nanoparticles by viewing the structures of titania anatase nanoparticles in 
literature and comparing them to ensure they were the same. The shapes of some nanoparticles 
were “sharper” than others, revealing relatively more of the (101) surface (Fig. 2, left) than on 
“flatter” nanoparticles, which expose a larger proportion of the (001) surface (Fig. 2, right). Both 
of these images show these nanoparticles passivated with water-derived ligands; the process we 
followed to do so is described in the next subsection. 
 
3.2 Explicit Passivation of Nanoparticle Surfaces with Water-Derived Ligands 
The next step in building up our TiO2 nanoparticles to use in simulation was to 
appropriately passivate the exposed surfaces of our nanoparticles realistically in a water-splitting 
setting. Proper passivation of the nanoparticle is crucial – water adsorption substantially lowers 
the potential of the first PCET by as much as 0.7 eV [17]. Unable to find a well-justified 
consensus in the explicit passivation schemes in literature, we formulated our own by ensuring 
that the oxidation states and coordination numbers of the atoms were as satisfied as possible. In 
bulk anatase TiO2, each Ti atom is coordinated to six O atoms, and to achieve noble gas valence, 
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Ti generally wants to give away its four valence electrons. Thus, four of the six Ti–O bonds in 
bulk are covalent, with one Ti atom contributing one electron to each. Similarly, in bulk each O 
atom is coordinated to three Ti atoms and generally wants two more valence electrons, so two of 
the three O–Ti bonds in bulk are covalent, with one O atom receiving one electron from each. 
This satisfies the oxidation states of the Ti and O atoms in bulk. The remaining two out of six 
bonds from each Ti atom and one out of three bonds from each O atom are donor-acceptor bonds 
in which, for each bond, the O atom “donates” a pair of electrons to the Ti “acceptor.”1 In this 
way, the coordination numbers of the atoms in bulk are satisfied as well.  
Cleavage between the appropriate atomic planes at the (101) and (001) surfaces as 
described above leaves dangling bonds in which the oxidation states and coordination numbers 
of some exposed atoms are left unsatisfied. On the (101) surface, there is a Ti species and an O 
species that are each missing one covalent bond, and on the (001) surface, there is a Ti species 
and an O species that are each missing one donor-acceptor bond. In the nominal water splitting 
environment, which we assume to be pH neutral water, three uncharged species are available to 
passivate these atoms: (1) H, which generally wants to give away its electron to become H + , (2) 
OH, which wants to receive one electron to become OH − , and (3) H2O, which has a satisfied 
oxidation state but whose O atom is able to donate an electron pair as part of a donor-acceptor 
bond. We note that the neutral H and OH species come about from dissociative adsorption of 
H2 O on the nanoparticle surface.  
We therefore match the unsatisfied atoms on the surfaces with the species available from 
the solvent to passivate these atoms: on the (101) surface, the unsatisfied Ti species is passivated 
with neutral OH so the Ti has something to which to give an electron, while the unsatisfied O 
 
1 Using our “ionicity” analysis in Section 3.5, we actually find Ti to be the donor and O to be the acceptor. 
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species is passivated with neutral H so the O has something from which to take an electron. On 
the (001) surface, the unsatisfied Ti species is passivated with H2 O so the Ti has something from 
which to accept an electron pair, and the unsatisfied O species is left unpassivated because there 
is no species from the solvent to which to donate an electron pair. The remaining unsatisfied 
species of Ti atoms located at the corners and edges between surfaces are passivated using 




Figure 2 - Passivated, unoptimized nanoparticles. The one on the right corresponds to 
the “large” nanoparticle discussed in the text. The one on the left depicts a “sharper” 
nanoparticle with less (001) surface exposed than the one on the right. Dark purple atoms are 
artificial atoms that help the bonds display correctly in the Maestro software used for rendering 
the molecules. 
 
We note here that it is somewhat common in both theoretical [1, 14, 55] and experimental 
literature to have dissociative water adsorption on the (001) surface and molecular water 
adsorption on the (101) surface, but according to the simple electron-counting rules we’ve 
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assumed, such passivation schemes are unreasonable. Future studies could include testing this 
passivation scheme anyway, but in the meantime, the current scheme is not only reasonable 
according to these rules but is also found to lead to an energetically stable nanoparticle, as will 
be shown Section 4.3 using first-principles simulations. This result in and of itself is significant: 
a correct passivation scheme is crucial of any computational-based study of these systems. Take 
the original, erroneous passivation scheme we tried versus the one that ultimately worked – the 
difference between the two is only the addition of H atoms on the O2c atoms defining the edge 
between the (001) and (101) surfaces. With that tweak, we see in Figure 3 that the optimized 
large nanoparticles go from optimizing to a deformed, warped nanoparticle geometry to 
optimizing to a geometry that maintains the integrity of the nanoparticle structure. 
 
Figure 3 - Visualizations of two large nanoparticle geometries, one (left) with the 
incorrect passivation originally attempted, and one (right) with the correct passivation, achieved 
by adding H atoms to the O atoms defining the edge between the (001) and (101) surfaces. 
 
 
3.3 Optimizing the Nanoparticles Using Density Functional Theory 
In order to optimize the geometries of the anatase TiO2 nanoparticles described in the 
previous subsection and to eventually carry out our simulation of the first PCET of the OER on 
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the surfaces of these nanoparticles using density functional theory (DFT), we needed good initial 
guesses of the wavefunctions. However, for any of the nanoparticles larger than 58 atoms in size 
(i.e. any of the nanoparticles even approaching realistic size), none of the initial guesses built in 
to Jaguar (the electronic structure software we use for our DFT calculations) specifically to 
handle systems containing transition metals resulted in converging self-consistent field 
calculations. To solve this, we used the Fragmented Initial Guess (FIG) algorithm with a general 
atomic partitioning scheme, developed by Prof. Friesner and previous group member Dr. Jing 
Zhang [36]. However, we could not use this code as-developed because the physical partitioning 
scheme it employed only worked for rutile polymorphs. Thus, we developed our own general 
partitioning scheme able to work on an arbitrary nanoparticle. 
 It is well-known that molecular systems that contain transition metal atoms exhibit 
complicated electronic structures due to their d-manifold being partially or fully occupied. As 
such, calculations of the electronic structure of these systems have proven difficult, and finding 
an initial guess good enough to have the optimization converge is certainly not trivial. Numerous 
methods have emerged for initializing of the quantum mechanical wavefunction needed for the 
self-consistent field (SCF) protocol that is paramount in any electronic structure calculation. 
Unfortunately, all such algorithms have failed for TiO2 nanoparticles of both rutile and anatase 
polymorphs. As mentioned, Dr. Jing Zhang did produce a working algorithm to initialize the 
wavefunction of rutile TiO2 nanoparticles, which worked by iteratively converging the 
wavefunctions of the fragments of a larger cluster, calculating the resulting charge fields of the 
fragments on their neighbors using a Poisson-Boltzmann solver, and re-converging the 
wavefunctions of the fragments in the presence of these charge fields. This approach, 
constituting the Fragmented Initial Guess (FIG) method, has proven successful in generating 
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initial guesses of the wavefunction for rutile polymorphs of TiO2 nanoparticles that can further 
be refined using the SCF procedure without failing. 
 However, such an approach for successfully initializing the wavefunction requires careful 
partitioning of the cluster into individual fragments in the first place. The hard-coded scheme 
originally deployed by Dr. Zhang for rutile polymorphs of TiO2 could not be used for the anatase 
polymorph because the partitioning of the rutile nanoparticle into sets of planes was done in such 
a way that is much more ambiguous for the anatase polymorph. Motivated originally in part by 
the fact that anatase the is the more reactive polymorph of TiO2 for use as a cathode of an 
electrochemical cell, and more saliently, our overall aim to realistically simulate the first step of 
the OER of water-splitting on titanium dioxide nanoparticles, we set out to develop a 
fragmentation scheme that would work for TiO2 anatase nanoparticles too and could be 
generalizable to any nanoparticle. Accordingly, the scheme needed to be based on general 
physical principles that could be applied to a general cluster. Indeed, our efforts were successful 
and we were able to create a fragmenting scheme [56] that allowed us to generate working 
wavefunctions for all of our desired nanoparticles, of both rutile and anatase polymorphs, 
including one (anatase) with 97 Ti atoms and more than 500 atoms total, which is the eventual 
focus of our PCET simulation study. 
Our idea was to break the nanoparticle up into fragments that are individually as stable as 
possible so that the nanoparticle resembles a system of realistic—i.e., energetically favorable—
smaller particles interacting with each other electrostatically. The logic is that the more realistic 
these interacting fragments are, the better our DFT methods will describe the system, as these 
methods have been tested on realistic molecular systems for decades. 
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We decided to form these low‐energy fragments from basic units that themselves have 
the same crystal structure as the larger nanoparticle of interest. These basic units must have 
relatively low surface energies because they are themselves very small nanoparticles of a 
naturally forming crystal structure. For example, for anatase TiO2 we decided to use as our basic 
unit the smallest constructible bipyramidal chunk of atoms taken from anatase bulk. It turns out 
that such a chunk is the linear O–Ti–O group of atoms. 
Since the combination of two low‐surface‐energy units must itself yield a low‐surface‐
energy unit (all exposed surfaces are still low‐energy), we decided to use as our fragments in the 
FMO‐INIT code clumps of the basic three‐atom TiO2 units, and we wrote a simple algorithm to 
break the non‐passivated nanoparticle up into such fragments. We stipulated that: (1) each 
fragment consists of 34 to 99 atoms, (2) the last‐formed nanoparticle fragment is at least 70% of 
the average size (in number of atoms) of all the other fragments, and (3) each fragment has a (# 
of O atoms)/(# of Ti atoms) ratio of at least 1.75. Finally, we set the last fragment to be the 
much‐larger layer of passivating ligands. 
In all of our runs of the FMO‐INIT code on various‐sized passivated anatase 
nanoparticles (through systems of 500 atoms and 5000 basis functions in size), fragmenting the 
nanoparticle using this algorithm always produced at least one initial guess wavefunction whose 
SCF calculation converged. This occurred even when all other initial guess methods in the latest 
versions of Jaguar, including those developed specifically for transition metal systems, failed. 
Thus, this new fragmentation scheme and FMO‐INIT procedure has the potential to be extremely 
robust. Our expectation is that it can be applied to other complex condensed phase systems for 




3.4 Optimizing Nanoparticle Geometries 
 3.4.1 Neutral Nanoparticles 
 Once we were able to generate anatase TiO2 nanoparticles structures exposing different 
amounts of (101) and (001) surfaces and to obtain for them initial guesses sufficiently good not 
to have Jaguar fail outright, we then optimized increasingly large anatase TiO2 nanoparticles, 
eventually building up to ones large enough to be of consequential size and warrant use of a 
supercomputer to calculate. The general protocol we used was as follows: after using the FIG 
algorithm to obtain an initial guess for the nanoparticle, we initially geometrically optimized the 
nanoparticle with the guess in vacuum (with explicit waters still passivating the cluster’s surface, 
but no implicit solvent) with a limited number of geometric optimization iterations. At first, we 
would split this stage into two phases – a “loose” vacuum optimization followed by a normal 
vacuum optimization, with the difference being that we used a larger SCF density convergence 
threshold (keyword: dconv) and larger SCF convergence energy threshold (keyword: econv) for 
loose optimizations than in normal ones. When run, we would take the resulting structure and 
guess from the loose vacuum optimization to use as the start structure and guess for the normal 
vacuum calculation with stricter converge criteria. As we ran more calculations and became 
more familiar with running them on our system, we would come to find the loose vacuum 
optimization, and to a lesser extent the normal vacuum optimization, unnecessary to achieve a 
converged result. Consequently, not all systems underwent this stage. 
 After optimizing the geometry of a cluster in vacuum, we would then run a “properties” 
calculation to obtain better electronic properties of the cluster (while fixing the geometry of the 
system in place by setting keyword igeopt = 0). We iteratively refined the energy and electronic 
properties by allowing more SCF calculation iterations (keyword: maxit) than in the geometric 
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optimization (up to 300 versus 8), as well as printed the frontier orbitals to .vis files in order to 
visualize and locate them on the cluster. This stage was generally unproblematic. 
 After this stage, we would then take the nanoparticle and reoptimize its geometry in an 
implicit water solvent (keywords: isolv = 2, solvent = “water”). These calculations saw the 
solvated nanoparticles structurally become a little less rigid and a bit more “round” than they 
were in vacuum, but largely the same shape. Additionally, many molecularly adsorbed waters on 
the (001) surface desorbed, drifting around the nanoparticle loosely associated with it over the 
course of the optimization, but not ever re-adsorbing elsewhere. This observation supports 
experimental evidence in literature suggesting low coverage of the TiO2 (001) surface with 
molecularly adsorbed water [14]. After the geometric optimization converged, we would 
recalculate the electronic properties as described for the analog vacuum case above. The 
visualization of these orbitals was useful for comparison to those of the neutral nanoparticles and 
to ensure the sanity of our results at this point. A review of this protocol and a table of keywords 
used at each calculation stage is provided in Appendix A.1. 
 
3.4.2 Cationic Nanoparticles 
The work-up of cationic nanoparticles was essentially the same as for the neutral 
nanoparticles but shorter, as we were generally able to eliminate the vacuum stages from the 
protocol. By this stage, the nanoparticles’ guesses were well-converged enough already to not 
have to do a preliminary vacuum optimization to get them to work (not to mention the fact that 
the structures of the ionic clusters in vacuum would warp fairly significantly from what their 
structures in solvent would be, which wasn’t true for the neutral nanoparticles). To start, the 
resulting geometry and electronic structure from the (neutral) solvent properties stage was taken 
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and made cationic2 simply by changing the keyword molchg from 0 to +1. We then ran the 
geometry optimization calculation in implicit water solvent. The same level of molecular 
desorption of water from (and consequent relatively low coverage of) the (001) surface was 
observed on these cationic clusters as on the neutral ones. 
As was done for neutral clusters, a solvent properties calculation was then run on the 
system to refine its electronic properties and visualize the frontier orbitals. Visualization of these 
orbitals was important for three reasons: (1) to compare the electronic properties of the neutral 
nanoparticle to its cationic counterpart, (2) to be able to decide which surface-adsorbed water on 
the (001) surface from which to abstract the proton during the eventual calculations of the first 
PCET of the OER wisely, and (3) to determine where the hole localized on the nanoparticle. We 
expected the hole to play an important role in the kinetics of the first PCET itself or in why there 
is a large overpotential associated with this reaction step, or both, thus characterizing the hole 
well was critical. As will be discussed in Section 4, we found that the localization of the hole 
occurs on a surface O atom (an O3c atom in the medium cationic nanoparticle and O2c in the large 
cationic nanoparticle). While this results in a noticeable surface construction in the cationic 
medium nanoparticle, qualitatively the structures of both nanoparticles otherwise remain the 
same. We believe the reconstruction to be an artifact of its smaller size or of freezing the bottom 




2 Jaguar, the computational chemistry software used, makes the nanoparticle cationic by deleting the highest-energy 
electron in the system, i.e. the electron in the HOMO. In a real-life TiO2 nanoparticle, an incoming photon will 
likely not excite the electron in the HOMO, but rather some other electron in the bulk of the nanoparticle it hits and 
has enough energy to excite. Higher-energy electrons will cascade down to occupy lower-energy orbitals, forcing 
the “hole” to rise to the surface of the valance band and of the literal nanoparticle [59, 76]. The electronic structure 
of the nanoparticle resolves itself orders of magnitude faster than the surface chemistry plays out, thus we don’t 
expect this technicality to have an appreciable impact on our results. 
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3.4 Optimizing Jaguar for Use on STAMPEDE Supercomputer 
In addition, accurate DFT optimizations on nanoparticles as large as those we sought to 
study were impractical on our local computing cluster, even using the cutting-edge, speed-
optimized Jaguar DFT package utilizing the pseudospectral electronic structure method. We 
therefore compiled and optimized the latest Jaguar code on the STAMPEDE supercomputer to 
utilize both inter- and intra-node communications. 
Dr. Jing Zhang had compiled and old, unlicensed version of Jaguar to work on the 
STAMPEDE supercomputer to run calculations on rutile TiO2 to study the electron-trapping and 
transport properties in dye-sensitized solar cells in a tractable amount of time. We attempted to 
get the newest, licensed version of Jaguar set up on STAMPEDE so we could benefit from the 
improvements in the software, which would be particularly important for our large nanoparticles. 
However, as the Jaguar codebase had grown significantly in size since the distribution Dr. Zhang 
had originally compiled to use on STAMPEDE, making the code difficult to compile even on a 
single node not housed at Schrödinger, Inc., and since Schrödinger, Inc. had begun phasing out 
internode communications (i.e. MPI; currently Jaguar is designed to run on only a single node), 
this turned out to be a time-intensive, obdurate exercise. Therefore, with the assistance of Dr. 
Jerome Vienne at the Texas Advanced Computing Center at UT Austin, which hosts the 
STAMPEDE supercomputer, we eventually got Jaguar’s full functionally working on 
STAMPEDE. Additionally, we were able to optimize the code for STAMPEDE’s hardware 
using Intel’s optimization tools, resulting in greatly improved performance with respect to speed. 
We leave out further details except to note that, after attempting to use the better-supported Open 
MPI and MPICH2 parallel libraries, we ultimately got internode communications implemented 
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using Intel MPI, which is designed for the Intel Xeon nodes that STAMPEDE comprises 
anyway. 
We optimize the nanoparticles using a methodology at least as advanced as we have found 
in literature so far: fully quantum mechanical calculations using hybrid DFT (B3LYP), basis 
functions based on atomic orbitals (LACVP), and a continuum solvent model (Poisson-
Boltzmann), in addition to the aforementioned explicit passivation of all surfaces. Utilization of 
an atomic orbital-based basis set is particularly important for describing nanoparticles as small as 
anatase TiO2.  
In preparation for our “pulling” experiments of Section 4.1 aimed at elucidating the 
overpotential of the first PCET of the OER, we optimized the geometries of both a “medium” 
nanoparticle (147 atoms total, 21 Ti atoms, 1217 LACVP basis functions) and a “large” 
nanoparticle (519 atoms total, 97 Ti atoms, 4868 LACVP basis functions) exposing primarily the 
(001) surfaces. Upon optimizing the geometries of both neutral structures, the bulk anatase 
structure remains qualitatively close to that of the initial, unoptimized MATLAB geometries, 
even near the surfaces. We conclude that our passivation scheme aimed at satisfying oxidation 
states and coordination numbers in a neutral water environment, discussed in Section 3.2, is thus 
quite reasonable, and the resulting surface passivation should therefore be considered for other 
experimental and computational studies of anatase TiO2 nanoparticles.  
While all exposed and unsatisfied atoms were initially passivated by water ligands present 
in a neutral water environment (100% passivation), upon optimization, many of the donor-
acceptor-bonded waters adsorbed to the (001) surface quickly desorbed as the neutral geometry 
optimizations proceeded. Many studies of the coverage of water and its dissociation on anatase 
TiO2 surfaces exist in literature [1, 32, 55, 57, 14, 58], and we therefore add our own 
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contributions given the caveat that we did not attempt molecular adsorption on the (101) surface 
and dissociative adsorption on the (001) surface due to this scheme being theoretically 
unreasonable: we find it viable in a neutral water environment that adsorption on the (001) 
surface is molecular and relatively low-coverage [14] and that adsorption on the (101) surface is 
dissociative and high-coverage (100%) with the correct 1:1 ratio of OH to H passivating species. 
  
3.5 Ionicity Analysis 
As we anticipated it being important for analyzing the results of the pulling experiment 
simulating the PCET of the OER on TiO2 and the mechanism for the relationship between bond 
lengths and atomic charges summarized in Section 4.2, we performed a “bond charge” or 
“ionicity” analysis for the bonds in the medium and neutral nanoparticles. The goal is to obtain 
an understanding of how ionic the bonds are — a property examined in other studies of TiO2 — 
including both the direction and the magnitude of the transfer of negative charge between two 
bonded atoms. In particular, from the Mulliken charges on the atoms in the DFT-optimized 
nanoparticle, we calculated the amount of negative charge given from one atom (“donating” 
atom) to the other (“accepting” atom) between two bonded atoms, under the assumption that 
before any bonds were formed, the charges on all atoms were zero3. Even with this assumption, 
there are significantly more bonds (i.e., unknowns) than atoms of known charge, so in order to 
drastically reduce the number of unknowns, we defined classes of bonds, e.g., covalent bond in 
the TiO2 bulk, donor-acceptor bond in the bulk, Ti – O bond between a passivating H2O and a Ti 
atom on the (001) surface, etc., resulting in eight types of bonds. We additionally defined some 
 
3 E.g., in the single neutral molecule A–B with atomic charges +x and −x, respectively, we say that after bonding, 
atom A has given x of negative charge to atom B, and we would denote this by drawing an indicator of negative 
charge at a fraction x of the way from A to B, along with some indicator of from which atom the negative charge 
originates, as shown in Fig. 3. 
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of the particular bonds (six, those surrounding the center Ti atom) in the system as their own 
classes in order to reduce overall error, and then by performing a least-squares fit we were able 
to calculate the bond charges in the system, the results of which are shown in Table 1 and Fig. 3. 
By using the results (the bond charges) to re-calculate the charges on the atoms, the RMS error is 
found to be 0.04e, with a worst absolute error of 0.13e. 
While a general population analysis gives us an estimate of the total charge on each atom, 
the ionicity analysis described here allows us to incorporate which atoms are bonded to which in 
order to give us an estimate of the charge on each atom resulting from the particular types of 
bonds. For example, it is found that instead of each Ti atom giving each of its four covalently 
bonded O atoms one electron resulting in an oxidation state of +4 on the Ti as discussed in 
Section 4.1, the Ti atom actually gives each of these O atoms roughly 0.38e for a total oxidation 
state (and charge) of about 1.52e, not counting the additional contributions to the donor acceptor-
bonded O atoms. We further find evidence of what was noted of interest in Section 3.2: Ti atoms 
give negative charge (about 0.10e) to donor-acceptor-bonded O atoms in bulk, but receive 





Figure 4 - Plot of the ionicity of the neutral medium nanoparticle. H atoms are small gray 
circles, O atoms are medium-sized red circles, and Ti atoms are large blue circles. Every bond 
has a green overlay indicating its ionicity, with the atom providing the negative charge shown by 
the start of the green line and the location of the negative charge shown by the end of the green 
line. 
 
Bond class Bond charge (e) Bond direction 
Covalent bond in bulk 0.38 Ti to O 
Donor-acceptor bond in bulk 0.10 Ti to O 
Covalent bond between O(101) and passivating H 0.42 H to O 
Covalent bond between Ti(101) and passivating OH 0.29 Ti to O 
O-H bond of a passivating OH 0.47 H to O 
Donor-acceptor bond between Ti(001) and 
passivating H2O 
0.07 O to Ti 
O-H bond of a passivating H2O 0.42 H to O 
O-H bond of a solvent H2O (desorbed H2O) 0.43 H to O 
 
Table 1 – Ionicity properties of the eight main classes of bonds in the neutral medium 
nanoparticle, not including the similar values of the six one-bond classes, for which the largest 




Chapter 4: Study of the First Proton-Coupled Electron 
Transfer (PCET) Step of the Oxygen Evolution Reaction 
(OER) 
 
In order to study the kinetics of the first PCET as the likely source of the overpotential 
associated with the OER on TiO2, we construct as best as possible the potential energy curve for 
the entire proton transfer, which we found to comprise two stages: the transferring of a proton 
from a surface adsorbed water to an explicit solvent water molecule, and the diffusion of this 
explicit water molecule (now a hydronium ion) away from the (001) surface. We simulate this 
proton transfer from the cationic nanoparticle (versus the neutral one) as a model of the electron 
transfer having occurred before the electron transfer and form the neutral nanoparticle as a 
reference. We note that pulling the proton from the neutral nanoparticle is most likely not an 
accurate representation of the proton transfer occurring before the electron transfer because the 
electron would be in a ground state, not an excited state. Additionally, were the electron excited 
and the proton transfer already occurred, we would not expect the electron transfer to occur as it 
would have relaxed down to the valence band where it would stay or alternatively become 
trapped in a state below the conduction band in the bandgap, as shown in [36]; in general, we do 
not expect the proton and electron transfers to happen in a particular order. To simulate a system 
where they happen simultaneously would be even more difficult, as it would necessitate 
modelling the cathode to which the electron is drained at the same time, in order to balance 




We simulated the kinetics of the first PCET of the OER, (h+ + *OOH) → *OH + H+, by 
“pulling” a proton, H+, off of a water molecule molecularly adsorbed to the (001) surface of a 
cationic anatase titania nanoparticle. Originally, we attempted to abstract the proton away from 
the nanoparticle by itself, that is, without a “target” explicit water for it to bond with to form a 
hydronium ion. However, preliminary calculations trying to simulate the PCET in this manner 
were problematic for, among other things, difficulty achieving convergence and ambiguity over 
the proper van der Waals radius to use for the abstracting proton. Moreover, this is not the best 
representation of the actual PCET reaction we can achieve: bare protons only exist in water 
solvent fleetingly and are better understood as existing as part of a H3O
+ ion. Thus, we chose 
instead to pull the proton directly to (or from) a nearby explicit “target” water molecule (or 
hydronium ion): 
 
(6) (ℎ+ +  ∗ 𝑂𝑂𝐻) +  𝐻2𝑂 → ∗ 𝑂𝐻 +  𝐻3𝑂
+. 
 
Fig. 5 shows the setup of the pulling experiments we performed, depicting a medium 
nanoparticle with its reaction coordinate defined by the bottom plane of Ti atoms. Because the 
reaction of eq. 6 contributes to the overpotential and is thus energetically uphill, we choose a 
“pulling experiment” to be a series of geometry optimizations starting from the right-hand side of 
eq. 6 with the H3O
+ starting at different distances from the nanoparticle, with the expectation that 
at some close-enough distance, the H+ will spontaneously transfer from the hydronium ion to the 
*OH to from an adsorbed water ligand (we note that, chemically, we do not expect it to matter 
whether we simulate the PCET backward or forward by the principle of microscopic 
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reversibility). In each optimization, we fix the coordinates of the five Ti atoms at the base of the 
nanoparticle and of the O atom of the H3O
+. Furthermore, the same nanoparticle geometry is 
used at the beginning of each optimization: the cationic nanoparticle with the transferring H+ 
deleted from the adsorbed H2O without further optimization. The H3O
+ is then placed with the 
transferring H+ above where it would be if it were still part of the adsorbed H2O. Effectively, we 
are simulating the higher-energy (*OH + H3O
+) configuration rather than the lower-energy 





Figure 5 – Representative system configuration at the start of one of the geometry 
optimizations making up a pulling experiment. In each geometry optimization, the H3O+ is placed 
at a different distance from the nanoparticle and the system is optimized with the coordinates of 
six atoms (shown in blue) frozen in space. At sufficiently small values of the reaction coordinate, 
upon optimization, the H3O+ becomes H2O as the transferring H+ spontaneously transfers back 
to its original site as part of an adsorbed H2O. While the particular system shown here is 
representative off the starting configuration for every geometry optimization of the medium 
 
4 Finite-temperature of transition state calculations would involve calculating a Hessian, which, for systems as large 
as ours, is impractical. 
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nanoparticle systems, it is actually the result of the 7.83 Å optimization of the cationic pulling 
experiment (with one of the desorbed waters deleted for ease of labelling for this figure). We 
note that for the large nanoparticle system, we start with an explicit water molecule nearby the 
nanoparticle and iteratively pull it away until the H+ spontaneously transfers from the adsorbate 
H2O to the explicit water molecule, making it a hydronium ion, and continue to pull away the 
hydronium ion from the nanoparticle to complete the PCET. 
 
Our reaction coordinate is defined as the distance along the pulling direction from the 
topmost frozen Ti atom to the frozen O atom of the hydronium ion. We choose the pulling 
direction to be <001>, which, for cubic lattices like anatase, is the direction normal to the (001) 
surface We choose values of the reaction coordinate to best sample the potential energy curve 
obtained from plotting the total system energy vs. the reaction coordinate. The first values we 
selected were informed by preliminary linear and quadratic synchronous transit calculations we 
performed in order to home in on the location of the transition state. Further discussion of these 
jobs is left for Section 4.1.2. 
As the process in eq. 6 is thought to occur more efficiently at edges between surfaces [29, 
30], we further choose to isolate this variable by performing a pulling experiment on both a 
“surface”-adsorbed water ligand located as close as possible to the center of the top (001) surface 
and an “edge”-adsorbed water ligand located at the intersection of the (001) surface and a (101) 
surface, depicted in Figure 6. Further, as a baseline, we perform the same two pulling 
experiments on a neutral nanoparticle (before being made cationic and the hole forming), using 
the same surface and edge adsorbates as on the cationic nanoparticle, resulting in four total 
pulling experiments for this nanoparticle. As we only ran a “surface” pulling experiment on the 
large nanoparticle, and due to difficulties in keeping the system’s waters adsorbed enough to 




Figure 6 – Optimized cationic nanoparticle showing the two different surface-adsorbed 
waters on which the pulling experiments are performed. The transferring protons are colored in 
blue and labeled. 
 
4.1.1 Addition of the “Target” Water Molecule 
 While the medium nanoparticles were small enough to be able to delete the H from the 
appropriate *OHH, add the explicit hydronium ion, and have the calculation converge, this was 
not possible for the large nanoparticle. Although desorbed water molecules generally occupied 
the environment around the nanoparticle, none were close enough nor in a proper orientation to 
bond to a proton pulled from the nanoparticle surface in a realistic manner. As such, we sought 
to add another water molecule to the system we had fully optimized in a position amenable to the 
PCET occurring. While the addition of one more water molecule to a system with already over 
500 atoms (and 97 Ti atoms) is inconsequential to the overall properties of the system, the 
manual addition of the water molecule means we have to manually combine its wavefunction 
with the wavefunction of the fully optimized system (before adding the target water). In short, 
we wrote a script to combine the two wavefunctions together by converting the Jaguar input files 
to MATLAB .m files, reformatting them in MATLAB, combining the two wavefunctions, and 
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then printing the now-combined, single wavefunction to use in our PCET study – to combine the 
two wavefunctions directly (i.e. combining the &guess sections in their Jaguar input files) isn’t 
possible, as simply concatenating the two is not the proper calculation of the combined 
wavefunction. 
 
4.1.2 Placement of the “Target” Water Molecule 
To place the target water molecule in the system for the abstracting H+ to land on in the 
large nanoparticle system, we first considered that the proton would likely transfer to a water 
molecule near the nanoparticle’s surface. We further surmised that the oxygen atom of this water 
molecule would be facing the nanoparticle surface, and its hydrogen atoms pointed away from it, 
otherwise the transferring proton would be blocked from approaching in a way favorable for 
bonding. With this in mind, we ran sample linear synchronous transit (LST) calculations on 
smaller TiO2 clusters (61 atoms, ~500 basis functions) to home in on where the target water 
molecule is near the transition state of the reaction. The LST calculation linearly interpolates 
between the reactant and product and simply tries to find the maximum along this coordinate. As 
such, we defined the reaction coordinate to be defined as the direction normal to the surface of 
the nanoparticle we were studying; that is, the <001> direction. Taking the (cationic) 
nanoparticle plus water system as the reactant, and the nanoparticle plus hydronium system as 
the product, we performed an LST calculation to determine the transition state of this reaction 
along the <001> axis. Then, we took the resulting transition state structure and guess and used it 
to seed a subsequent quadratic synchronous transit (QST) calculation, in order to make sure our 
water placement would be proper and as precise as possible. The QST calculation differs from 
the LST calculation in that it additionally requires a third input structure, a transition state 
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structure and guess (which we obtain from a preceding LST calculation). Consequently, it is not 
confined to a linear path between the reactant and product: it can search for a maximum along an 
arc across the potential energy surface that connects the reactant and product, and for a minimum 
in all directions that are perpendicular to this arc. Thus, this method is more robust, sampling 
more of the potential energy surface than the LST calculation. The results of our QST calculation 
validated our intuition, revealing the transition state to be along the <001> direction we had 
predicted. It further revealed that the transition state occurs was the hydronium ion is diffusing 
away from the nanoparticle surface, not as the H+ is in transit between either water-based 
molecule. To obtain the most useful data, we hoped to more densely sample the region around 
the transition state than, say, the product state plateau. This was particularly important because, 
despite the vast computational resource STAMPEDE afforded us, we calculated that we had 
enough allocation to sample about a dozen points along the reaction coordinate on the potential 
energy surface. Thus, these results allowed us to more wisely pick which points along the 
reaction coordinate we would choose to run calculations for on STAMPEDE, which was 
important because we didn’t know precisely what distance to place the target water, nor where 
along the reaction coordinate the transition state was. 
Last in our consideration in placing the target water molecule was where above the 
nanoparticle’s surface to put it; there are multiple water ligands absorbed to surface Ti atoms 
from which the H+ participating in the PCET could plausibly come in our larger nanoparticle 
systems. We chose to place the target water nearby a water ligand adsorbed to a surface Ti atom 
bonded to the surface O2c atom where the hole localized from our optimization of the cluster 
described in section 3. We chose this because, barring any other, overriding consideration, we 
expected the hole to be involved in the PCET, as others in literature have found [16, 35], either 
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directly participating or indirectly by generating an electron-withdrawing environment locally, 
making the abstraction of a nearby water adsorbate’s hydrogen atom more facile.  
With the explicit water added to our optimized cationic nanoparticle system, and placed 
in a location amenable to the first PCET of the OER occurring, we proceeded to construct the 
potential energy surface (as a function of the reaction coordinate, defined by the distance 
between the nanoparticle’s surface and the target water’s oxygen atom) by optimizing the 




Qualitatively, in both cases we see the PCET occur in two stages: a first stage where the 
proton shuttles between the adsorbate water molecule and the explicit water molecule, and a 
second stage where the explicit water molecule (now a hydronium ion) is pulled away in a 
direction normal to the nanoparticle’s surface. The hydronium generally still has an effect on the 
nanoparticle until it is pulled far enough away; the system doesn’t simply equilibrate as soon as 
the proton shuttles to the explicit water molecule. It is important to model both stages of the 
PCET and not just the more obvious first stage; indeed, the system reaches its largest energy 
configuration in the second stage, after the proton has transferred to the target water molecule 
and after the resulting hydronium ion has been pulled a little bit away from the nanoparticle 
surface. We detail the results from the medium and large nanoparticle systems in the following 
subsections. For the medium nanoparticle, because the differences between the edge cases and 
their “surface” case counterparts are small, and because we only run a “surface” case for the 
large nanoparticle, we focus here on the “surface” case of the medium nanoparticle and leave 
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further analysis of the edge case in Appendix A. However, briefly, despite our expectation, there 
was little energetic difference between the edge and surface cases, and, if anything, the surface 
case was slightly lower in energy than the edge case. This may buttress other evidence [14] that 
OER photocatalytic ability varies little between TiO2 surfaces and is not sensitive to local surface 
structure.  
 
4.2.1 Medium Nanoparticle 
Snapshots of the pulling experiments pulled on the system are shown in Fig. 7 for the 
medium cationic (surface) nanoparticle system. A pulling experiment was also done on a neutral 
nanoparticle, but we leave most discussion and analysis of its results in Appendix A as it was 
done largely as a baseline with respect to the cationic systems and did not produce any 
unexpected result. Moreover, we did not have a large neutral nanoparticle system to which to 
compare it like we do for the cationic version. 
 Corresponding significantly changing charges and bond lengths, in addition to the 
charges on the uninvolved Ti atoms (those far away from the reaction site), are listed in Table 2. 
In each subfigure, the left graphic in the snapshot shows how the charges of the atoms change 
over the course of the pulling experiment, relative to the system with no solvent water nearby, 
which is shown in the (a) subfigure. Similarly, changes in bond length are shown in the right 
graphic in each subfigure. Colorbars that quantify the changes in the charge and bond lengths are 
depicted in the last subfigure. 
 In Fig. 7, it can be seen that at distances depicted in snapshots (b) and (c), the reaction 
coordinate is small enough that the proton transfers back from the hydronium ion to the 
adsorbate water molecule from which it came, to the (*OHH + H2O) configuration, whereas in 
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(d) and (e) it is large enough that the proton remains on the hydronium ion, in the (*OH + H3O
+) 
configuration. Subfigures (b) and (c) depict the first and last snapshots, respectively, where the 
system is in the “two waters,” (*OOH + H2O) configurations; subfigures (d) and (e) depict the 
first and last snapshots, respectively, of the hydronium ion, (*OH + H3O
+) configuration. The 
swap in configuration, the point at which the proton will transfer to the target water molecule and 
stay there, consequently occurs at some reaction coordinate distance between those depicted in 
(c) and (d). However, it is important to note that the peak of the barrier of the potential energy 
surface isn’t located here – it lies at a reaction coordinate farther away than that shown in 





Figure 7 – Changes in charge (left of each subfigure) and bond length (right of each 
subfigure) for selected snapshots of the pulling experiment performed on the medium, cationic 
nanoparticle from a ‘surface’-located (i.e. not edge-located) water adsorbate relative to the 
properties for (a) the cationic nanoparticle with no nearby explicit water added. (b) First 
datapoint of the pulling experiment; 7.03 Å. (c) Datapoint 3; 7.63 Å. (d) Datapoint 4; 7.73 Å. (e) 
Datapoint 17; 16.03 Å. (f) Colorbars describing the change in charge (top) and bond length 
(bottom) of the other subfigures. The numerical values of the important, significantly changing 





Charges (e; cutoff=0.037) 
Atom name (a) (b) (c) (d) (e) Notes 
Surface ads. 
H 1 
0.47 0.50 0.47 0.53 0.55 
Transferring 
H – surf. 
Surface ads. 
H 2 
0.47 0.46 0.46 0.41 0.42 
Other adsorbate 
H – surf. 
Surface ads. 
O 
–0.74 –0.79 –0.77 –0.80 –0.75 
Adsorbate 
O – surf. 
Surface ring 
O 2 
–0.81 –0.82 –0.82 –0.77 –0.77 
Bottom DA 
O – surf. 
Surface ring 
Ti 1 
1.53 1.51 1.51 1.42 1.40 
Surface 




1.56 1.56 1.56 1.55 1.55 
There are 20 of 
these 
Table 2 – Significantly changing charges of interest during the cationic/surface medium 
nanoparticle pulling experiment. The corresponding plot of the changes in charge is shown in 
Fig. 7, to the subfigures to which the letter identifiers in the column headers refer. 
 
 
Bond Lengths (Å; cutoff=0.079) 
Bond name (a) (b) (c) (d) (e) Notes 
Surface 
Ti – O 
2.22 2.16 2.24 2.00 1.88 Top DA – surf. 
Surface 
Ring bond 2 
1.87 1.90 1.90 2.19 2.09 
Bottom 
DA – surf. 
Close bond 2.76 2.64 2.62 2.44 2.62  
Edge Ti – O 2.37 2.35 2.41 2.45 2.40 Top DA – edge 
Table 3 – Significantly changing bond lengths of interest during the cationic/surface medium 
nanoparticle pulling experiment. The corresponding plot of the changes in bond lengths is 
shown in Fig. 7, to the subfigures to which the letter identifiers in the column headers refer. 
 
 
Snapshot (b) reveals that as the solvent water molecule is placed near the adsorbed H2O 
(again, relative to (a)), the charge on the transferring proton increases from 0.47e to 0.50e, that 
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on the adsorbate’s oxygen atom decreases from –0.74e to –0.79e, and that on the surface Ti atom 
to which it’s bonded decrease from 1.53e to 1.51e. 
 The bond between the transferring H+ and the adsorbate O lengthens from 0.98 Å to 1.01 
Å and the bond between the adsorbate oxygen atom and the surface Ti beneath it shortens from 
2.22Å to 2.16 Å. 
 These results could suggest a potential mechanism for the initial separation of charge 
required from the PCET to occur; as the negatively charged oxygen atom of the target water 
molecule pushes electron density off of the incoming H+ (making it more positively charged) to 
remain on the adsorbate oxygen atom, making it more negative, it simultaneously pulls on the 
positively charged transferring H+ itself. This results in the bond between the H+ and adsorbate O 
lengthening, slightly weakening in consequently. It is important to remember that this in 
reference to a system with no explicit target H2O placed nearby yet, not one where the water 
molecule is just closer to the nanoparticle surface – the mere addition of this water molecule 
changes the local charge and geometric arrangement of the system. 
 Snapshot (d) depicts the system just after the H+ transfers to the target water molecule. As 
that happens, relative to snapshot (c) showing the system just before the H+ transfers, the surface 
Ti atom moves upward toward the adsorbate, simultaneously shortening the top donor-acceptor 
bond from 2.24 Å to 2.00 Å and lengthening the bottom donor-acceptor bond from 1.90 Å to 
2.19 Å. We posit that the (positively charged) Ti moves upward – as opposed to the entire 
adsorbate moving downward – because even though the H+ has moved away, it is still close 
enough to the negatively charged adsorbate (whose negative charge decreased from –0.31e to –
0.39e between snapshots (c) and (d)) to attract it fairly significantly, forcing the Ti attracted to it 
to migrate upward. Though subsequent snapshots of nearby points a little farther along the 
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reaction coordinate are not shown (i.e. snapshots between (d) and (e)), as the hydronium ion is 
pulled farther and farther away from the nanoparticle, the surface Ti atom – and therefore the 
entire adsorbate – settles backward down into the nanoparticle. This is likely due to the 
positively charged hydronium ion attracting the adsorbate increasingly little. Thus, the changing 
charges and bond lengths of the system gradually equilibrate to their final values, depicted in 
subfigure (e). 
 Subfigure (e) shows that after the H3O
+ is pulled far away from the nanoparticle, the top 
donor-acceptor bond shortens from 2.00 Å to 1.88 Å, the bottom donor-acceptor bond shortens 
from 2.19 Å to 2.09 Å, and some negative charge flows from the adsorbate into the nanoparticle 
(0.06e). The Ti atom plus adsorbate moiety is allowed to relax back into the nanoparticle as the 
hydronium ion to which it (or at least the adsorbate *OH) is attracted continues to diffuse away 
from the nanoparticle surface. 
 The final atomic charges on the oxygen atom and hydrogen atom the adsorbate water 
comprises are similar to those of the OH species adsorbed to the (101) surfaces of TiO2. Since 
the OH(101) species receives an electron from a covalent bond with a surface Ti atom (on the 
(101) surface) and can therefore be considered to be OH– (a hydroxyl, not radical OH, ligand), 
we consider the resulting OH(001) adsorbate in our system to be a hydroxyl ligand too because 
the final charges of the constituent atoms are similar. However it is difficult to determine the 
type of bond the OH(001) species has with the surface: it could be donor-acceptor in nature in 
which the O atom of the closed-shell OH– donates a pair of electrons to the surface Ti acceptor 
(just as the original adsorbed H2O did), it could be covalent in which the negative charge that 





4.2.2 Large Nanoparticle 
 Satisfied by the proof-of-concept the medium nanoparticle pulling experiment provided 
us, we then turned to studying the large nanoparticle. The pulling experiment of the large 
cationic nanoparticle (97 Ti atoms, 522 atoms, approximately 5,000 basis functions) we 
performed ultimately comprised optimizing the system at eleven points along the reaction 
coordinate. We studied only large cationic nanoparticle system pulling from a surface water 
adsorbate, and didn’t perform analogue large neutral or edge nanoparticle pulling experiments, 
due to our finite computational resources for already such a large system. To further stretch our 
computational resources as far as we could, we froze all atoms more than ten angstroms away 
from the explicit water oxygen atom involved in the PCET, as well as that oxygen atom, too. 
Both the effects of adding the explicit solvent water molecule to the system and of making the 
nanoparticle cationic had negligible effect on these distant atoms in those optimizations; we 
don’t expect the chemistry that the pulling experiment models to affect these atoms, either. 
Furthermore, in order to have a well-defined reaction coordinate for the PCET, we freeze the 
bottom plane of Ti atoms of the nanoparticle anyway so we can define the pulling direction as 
being the direction normal to this plane (on average). The reaction coordinate is then defined as 
distance along the pulling direction, starting from the plane formed by the four Ti atoms in the 
corners of the (001) surface (defined as zero) and ending at the explicit water (or hydronium) 
oxygen atom. 
Given the size of our nanoparticle and the large computational expense each optimization 
would cost, we chose which points along the reaction coordinate to optimize with care. Ideally, 
we’d sample the area around the distance at which the system just becomes more stable in the 
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(hydroxyl + hydronium ion) configuration than the two waters configuration (i.e. the transition 
between the two stages of the PCET) more densely and also sample the transition state more 
densely. From the results we achieved with the medium nanoparticle, we discovered the 
approximate distance at which the H+ finally transfers to the target water molecule (between 7.63 
Å and 7.73 Å along the reaction coordinate in that system), and that the transition state lies a 
little bit beyond this point. This knowledge allowed us to sample the reaction coordinate wisely. 
The results of the pulling experiment largely align with those of the analog medium cationic 
nanoparticle experiment. The maximum of the PCET curve for the large cationic nanoparticle is 
1.53 eV, with the difference in energy of the reactant and product being 1.08 eV (thermodynamic 
overpotential). This is in line with what we observed in our medium nanoparticle studies, 
validating our findings and suggesting that results obtained from smaller nanoparticles are able 
to be extrapolated to larger systems. This could save a lot of computational expense, however we 
are cautious due to other, qualitative difference which may undermine this suggestion (i.e. the 
reconstruction observed during the optimization of the cationic/surface medium nanoparticle, 
something not seen in the large case). 
 At small enough distances of reaction coordinate where the target water is very close to 
the nanoparticle surface, the H+ is more stable on the adsorbate water molecule than the target 
water molecule (i.e. it is more stable as a two waters configuration). At this distance, if the 
starting configuration is (*OH + H3O
+), the H+ will shuttle from the hydronium to the hydroxyl 
to form two waters, the more stable configuration. 
As the explicit water is pulled farther away from the surface, but still retaining the two 
waters configuration, the Ti – adsorbate O bond length lengthens by 0.08 Å as both moieties are 
pulled upward as the water occupies farther away reaction coordinates. Consequently, the bottom 
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donor-acceptor bond (between the surface Ti and the O atom beneath it) lengthens by 0.11 Å as 
the buried O atom is unaffected and stays in place. At a certain farther-out distance, the H+ will 
stay on the target water molecule (forming a hydronium ion), as the system is at this point more 
stable in the (*OH + H3O
+) configuration than the two waters configuration. As was found in the 
medium cationic nanoparticle studies, this point, when the proton finally shuttles to the target 
water for form a hydronium ion, while accompanied with a sizable increase in system energy, is 
not the maximum of the PCET. After this shuttling occurs, the surface Ti atom moves upward 
toward the adsorbate even more shortening the bond by 0.19 Å, and the bottom donor-acceptor 
bond to shorten by 0.19 Å. The change in bond length is caused by movement of the Ti upward – 
the adsorbate water-derived ligand remains in place, as does the bottom donor-acceptor O atom. 
As the hydronium is pulled farther still from the nanoparticle, the total system energy 
continues to increase slightly until a maximum is reached, at which point the energy begins to 
fall as the H3O
+ continues to diffuse away until it eventually plateaus. Notably, the Ti atom does 
not relax back down to where it was in the lattice before the pulling experiment started – it 
remains in its slightly elevated position out of its natural position in the surface. This appears due 
to lengthening of the bonds to either surface O2c atom to which its bonded, which are now too 
long to allow the Ti atom to settle back down. The hydroxyl adsorbate however is allowed to 
settle down from its stretched-upward position during the proton shuttling back into the 









Charges (e; cutoff=0.037) 
Atom name (a) (b) (c) (d) (e) Notes 
Surface ads. 
H 1 
0.47 0.51 0.49 0.52 0.55 
Transferring 
H – surf. 
Surface ads. 
H 2 
0.48 0.47 0.48 0.43 0.44 
Other adsorbate 
H – surf. 
Surface ads. 
O 
-0.75 -0.81 -0.81 -0.77 -0.75 
Adsorbate 
O – surf. 
Subsurface 
ring O 2 
-0.92 -0.92 -0.91 -0.87 -0.87 
Bottom DA 
O – surf. 
Surface ring 
Ti 1 
1.63 1.64 1.64 1.50 1.50 
Surface 




1.57 1.55 1.55 1.55 1.55 
There are 96 of 
these 




Bond Lengths (Å; cutoff=0.079) 
Bond name (a) (b) (c) (d) (e) Notes 
Surface 
Ti – O 
2.22 2.03 2.11 1.92 1.86 Top DA – surf. 
Surface 
Ring bond 2 
1.96 1.99 2.10 2.29 2.29 
Bottom 
DA – surf. 
Close bond       
Table 5 – Significantly changing bond lengths of interest during the cationic large 








4.3.1 Energetic Requirements of the OER 
 A plot of the total system energy vs. reaction coordinate distance for the medium 
nanoparticle systems and the cationic large nanoparticle system are shown in Fig. 8. Relevant 
values from the experiments are reported in Table 6 for comparison and discussion purposes. 
Results from a pulling experiment performed with a neutral medium nanoparticle are also 













1.09eV 1.09 eV 1.08 eV 
Kinetic contribution 0.44eV 0.25 eV 0.45 eV 






Figure 8 – (Top) Energy plotted as a function of reaction coordinate for the four medium 
nanoparticle systems and the large cationic nanoparticle system. Solid lines correspond to 
“surface” cases; dashed ones correspond to “edge” cases. The larger energies seen at earlier 
reaction coordinates for the edge cases is mainly caused by a water molecule continuously 
desorbing throughout the course of the experiment: see Appendix A.3.1 for further discussion. 
(Bottom) Amount of electron transfer as a function of reaction coordinate for the same systems. 
 
From this plot and the values summarized in Table 6, we see that less energy is required 
of the PCET when the medium-sized system is cationic instead of neutral (1.52eV in the neutral 
system versus 1.34 eV for the cationic system). As will be elaborated on in Section 4.3.3, while 
this may be generally expected to be the case, we find that the ostensible reason explaining this 
phenomenon does not occur. The overpotential for the PCET on the large cationic nanoparticle 
system is similar at 1.53 eV. Interestingly, this data shows that even though it is ultimately the 
kinetics of the process (the maxima of the curves) that dictates the total energy required for the 
process, the thermodynamics of the process (captured in the high-reaction-coordinate values of 
the curves – the product plateau) shows that the degree of instability of the intermediate ∗OH 
species is independent of the charge of the system; the thermodynamic overpotential is found to 
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be about 1.09eV in both neutral and cationic medium nanoparticle systems. Additionally, this 
value is virtually the same as in the large nanoparticle system, showing remarkable invariance 
across the systems. 
 In literature, typical experimental OER overpotentials [2, 14, 19, 59-63] are found to be 
0.6-0.8eV, while computationally obtained overpotentials tend to be a bit higher, around 1.1-
1.4eV [14, 64, 65]. We note that there are differences between the reaction conditions between 
those that experimentalists widely use to study TiO2’s water splitting activity and those used in 
this work – chiefly, that they are studied operating under harshly basic or acidic conditions – 
making a direct comparison hard [66]. Additionally, overpotentials are typically reported as the 
overpotential necessary to drive a certain current density (typically 10 mA cm-2), not at the 
current exchange density, meaning experimental data would overstate the overpotential relative 
to our study for a given system. On the other hand, computational results report overpotentials 
due primarily to the instability of the intermediate species generated at the end of the PCET – in 
this case, *OH – making for an easier direct comparison with our own study. Our results of an 
overpotential of 1.3 – 1.5 eV match up well with other computational results and we see we have 
obtained values in agreement with previous computational studies and are reasonable when 
compared to experimental results. 
 
4.3.2 Electron Transfer 
The transfer of the H+ from the adsorbate to the solvent H2O may be accompanied by the 
transfer of an electron from the adsorbate to the nanoparticle, as mentioned in Sections 4.1 and 
4.2. This is one step of the oxidation that must occur at the anode of the photoelectrochemical 
cell. While the nanoparticle itself has already been oxidized since the cationization has given the 
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system a charge of +1e prior to the pulling experiments simulating the PCET, in order to return 
the nanoparticle to its initial electronic configuration so that the next step of the PCET can occur 
on a “reset” nanoparticle (the TiO2 is catalytic), the hole from the cationization must be filled by 
an electron from the same adsorbate from which the H+ transfer occurs. Considerations about 
filling the hole are discussed later in Section 5; here, we focus on quantifying the amount of 
negative charge that has left the adsorbate over the course of the pulling experiments. 
We therefore calculate the “electron transfer” (ET) to the nanoparticle as the change in 
the total charge on the adsorbate and the solvent water molecule, which is equal to the negative 
charge transferred out of the (adsorbate + target H2O) subsystem. However, the starting 
configuration of this subsystem is that in which its total charge is zero, i.e., before the adsorbed 
H2O is even adsorbed to the nanoparticle surface, because this adsorption is the true first step in 
the full OER cycle, as shown in eq. 5. Thus, since the total charge on the adsorbed H2O is not 
zero even before the nanoparticle is made cationic, we conclude that some electron transfer has 
already occurred before the start of the PCET by the proximity of the explicit water molecule. 
While most of this initial ET occurs upon adsorption of the H2O, it should not be associated with 
the actual H+ transfer; it is preliminary electron density transfer that is not part of the PCET. 
In particular, the charge on the adsorbed water molecule in the medium neutral 
nanoparticle system is 0.19e; thus, the ET upon adsorption of the water molecule to the surface is 
0.19e. Upon cationization, the change in charge of the adsorbate water is small, 0.01e. When an 
explicit water is added nearby this adsorbate, the negative charge on the adsorbate decreases by 
another 0.10e in the cationic system and 0.08e in the neutral system. Thus, the total ET in the 
medium neutral system is 0.27e and in the medium cationic system is 0.30e. For the large 
nanoparticle system, the charge of the adsorbed water ligand is 0.20e, which we take as the ET 
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before the PCET begins and agrees with what was observed in the medium nanoparticles. When 
the cluster is made cationic and an explicit water placed nearby, however, the sum of the charges 
of the atoms comprising the water adsorbate is 0.17e, constituting an increase in negative charge, 
albeit a modest one. We note that the change in charge with the addition of a nearby water may 
be somewhat dependent on the precise location and orientation of the water molecule; the next 
point along the reaction coordinate from the addition of the H2O (where it is slightly farther away 
from the nanoparticle surface, but still close) shows the negative charge on the adsorbate water is 
slightly lower than the system with no water by 0.01e. While in both medium and large 
nanoparticles we see the preliminary electron transfer of the adsorbing water, it may be the case 
that the presence of another nearby, explicit water molecule forcing more e- of the adsorbate and 
into the nanoparticle was unique to the medium-sized systems. Regardless, we acknowledge 
these findings here to more clearly delineate what processes are involved in the PCET and which 
are independent from it, as well as to contextualize the analysis of the role that the hole plays in 
the PCET and the overall OER, discussed next. 
 
4.3.3 Role of the Hole 
 We have found that, unlike in some other studies [59], the ET discussed above is 
completely independent of the hole transfer; we find that the hole does not transfer at all and is 
stable throughout all of our cationic pulling experiments, localized on the same O2c atom on the 
(001) surface. However, the decoupled nature we find for this PCET is supported by other work 
showing TiO2 binds water weakly to its surface [67] and studies showing a decoupled 
mechanism is preferred in systems with weakly interacting surfaces [5]. It is in any event prudent 
to discuss the purpose the hole serves in the functioning of the water splitting solar cell. The 
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nominal role of the hole h+  in the cell is twofold: (1) to capture the electron  left behind by the 
transferring H +  (i.e., the electron associated with the ET), and (2) to lower the energy required 
for the PCET.  
Role #1 can be explicitly shown by adapting eq. 4 for the first PCET (A1 =  OH) to include 
its dependence on the transferring electron e − : 
 
(7) (ℎ+    +  [𝑒−  +   𝑂 
∗ 𝐻𝐻 + ]) ⟶ ([ 𝑂 
∗ 𝐻])   +  𝐻+  
 
where the parentheses represent the entire cationic nanoparticle and the brackets represent 
just the relevant entities at the surface reaction site. This function of the hole is crucial to the 
functioning of a water splitting solar cell because, otherwise, at any given time there would be a 
number of holes present on the surface that would act as trap states for photoexcited electrons in 
the conduction band 5 , preventing them from flowing out of the anode into the cathode. Another 
reason is that, otherwise, the OER would not be a cycle: at the end of the OER the nanoparticle 
would not be in the same state in which it began, as assumed in the subreactions of the OER 
shown in eq. 5. The TiO2 nanoparticle must return to its original state for its catalytic cycle to 
complete. Instead, there would be a build-up of positive and negative charges throughout the 
nanoparticle as the electrons are unable to fill the holes due to their deficiently small energy. 
Further experimental and theoretical investigation would be required to learn the exact effects of 
this, but it appears that the electronic structure — and therefore likely the physical structure — of 
the nanoparticle catalyst would degrade and the reaction would be impossible to continue to 
occur.  
 
5 The hole lies 1.46eV below the LUMO in the medium nanoparticle and 1.26 eV below it in the large nanoparticle. 
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Role #2 of the hole has been found experimentally [16, 33]; holes have been shown to 
catalyze the OER. Assuming that role #1 is satisfied, it is natural that the hole would lower the 
energy required for the PCET because the hole would assist the electron transfer by giving the 
transferring electron a place to go. This would help the ET to be more in concert with the PT, in 
turn lowering the overall energy required for the PCET.  
However, we have found that role #1 of the hole is not fulfilled: the ET transfer has 
nothing to do with the hole nor does the hole get filled by it. Instead, the properties of the hole 
remain very stable throughout all of our cationic pulling experiments. The hole orbital at the end 
of the experiments looks just as it did right after we first optimized the cationic nanoparticle (Fig. 
9, for medium system; Fig. 10 for large system). 
 
 
Figure 9 - Visualization of the hole (gray and white orbital) localized on reconstructed O3c atom 
at beginning of pulling experiment of a medium cationic nanoparticle. The character and location 
of the hole is unchanged from the start of the pulling experiment. The LUMO and HOMO are 





Figure 10 - Visualization of the hole (gray and white orbital) localized on a O2c surface atom at 
the beginning of pulling experiment of the large cationic nanoparticle. The character and 
location of the hole is unchanged from the start of the pulling experiment. The LUMO and 
HOMO are also visualized in green and yellow, and blue and red, respectively. 
 
Further, the charge on the reconstructing O atom where the hole localized does not change 
over the course of the pulling experiments. At the same time, the transferring electron moves 
from the adsorbate to nowhere near that atom in both neutral and cationic pulling systems: the 
surface Ti atom bears the most amount of its density (in edge cases, the e- density is shared more 
evenly among the Ti atoms defining the edge ring. See Appendix A.3.1). We chose to study the 
PCET at the adsorbed waters that we did by their physical proximity to the hole; we see no 
reason why any other choices would more likely result in the hole being filled. 
In fact, we find it should come as no surprise that the e −  does not fill the hole in the 
cationic pulling experiments: from the start of the experiments the orbital energy of the hole is 
well within the HOMO-LUMO gap, closer to the LUMO, and it remains there throughout the 
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entirety of the experiments. From the density of states plot in Fig. 14 (Appendix A.2.1), it should 
not be expected that the electron fills the hole in the cationic pulling experiment. Without an 
additional source of energy, there was never any way even the HOMO e −  — let alone the 
transferring e −  — would have enough energy to reach the hole orbital, whose oxidizing power in 
the relaxed cationic nanoparticle is far too low for that to occur.  
However, we have found that role #2 of the hole is indeed filled: it was shown in Section 
4.3.1 that the overpotential for the medium cationic nanoparticle, in which holes are present, is 
lower than that for the neutral nanoparticle by almost 0.2 eV. Rather than the reason being that 
the hole assists the electron transfer, making it concerted with the PT and lowering the overall 
energy, our results suggest that the hole likely aids the PCET by reducing the amount of negative 
charge nearby the H3O
+ available to electrostatically resist its diffusion away from the 
nanoparticle surface. This is so because the O2p orbital that the hole localizes in is simply too 
high energy for an e- to occupy, effectively blocking out some degree of negative charge from 
the local region. 
Regardless of why or that the total overpotential is smaller when there are holes present, it 
is still a major problem for the overall, longer-term functioning of the cell that the holes are not 
annihilated by the transferring electrons (role #1). Even if the cell were to run well for a few 
cationizations, the building up of holes at the surface would degrade the electronic and physical 
structures of the nanoparticle too much to function long. We can therefore draw one of two 
conclusions from our results: (1) that our model of the system is insufficient for addressing the 
capture of the transferring e −  by the hole, or (2) that what we find is faithful to experiment — 
that role #1 is not a function of the hole — and we must therefore resolve the presence of the 
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hole helping the PCET to occur but in a way different than directly filling the holes generated, 
which doesn’t occur. 
 
4.3.4 Resolving the Presence of the Hole  
If indeed the hole is not annihilated by the transferring e − during the first PCET of the 
OER on anatase TiO2 nanoparticles, we must consider the effects of the continued presence of 
the hole after completion of the PCET. First, it is possible that the hole gets annihilated at 
another time during the OER and that the remaining steps of the OER shown in eq. 5 are not 
actually what occurs in experiment. Or, perhaps an additional step must be added in which an 
additional photoexcitation by a photon of lower energy fills the hole and resets the electronic 
structure of the system.  
Otherwise, if the hole really does not get annihilated during the OER (in which case 
possibly three more holes would be created during the rest of the OER), it is possible that the 
kinetic overpotential suggested in this study is not the true cause of the high overpotential and 
that instead it is the build-up of holes. However, we find this unlikely, as it would result in an 
overpotential of at least 2.82 eV in the medium nanoparticle and 2.73 eV in the large one (i.e. the 
difference in energy between the HOMO and the hole), which is not in agreement with previous 
experiments and computational studies showing drastically lower overpotentials; instead, the 
overpotential obtained in this study results in overpotentials in much better alignment with prior 
studies, as indicated in Section 4.3.1.  
Even if the presence of the hole is not the cause of the overpotential, its negative 
consequences, such as those discussed at the start of Section 4.3.3, may be the reason that TiO2, 
while the prototypical anodic material and that used in the original Fujishima-Honda water 
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splitting experiment in 1972, is not a good catalyst from a practical standpoint and is why other 
materials are more often used in practice. It is plausible that other materials, when simulated 
using the methodology of this work, would result in a hole with low enough energy to be filled 
by an electron in the valence band. 
We propose one modification to our system for creating such a material: p-doping the 
anatase TiO2 by replacing some of the O atoms with N atoms, which seek an oxidation state of 
 −3 in order to achieve noble gas valence. If the hole were localized on one of the N atoms — 
which would have an oxidation state of roughly  −1.5 after forming two covalent bonds with Ti 
atoms and hosting the hole — near the PCET site, then upon the PT the transferring e −  would 
perhaps be pulled more strongly to the N atom, helping to annihilate the hole in the case that the 
transferring e −  indeed ended up localized on the N atom. While this may simply fill the acceptor 
state introduced by the N atom dopant, the fact that the e −  would be present on the same atom at 
which the hole was localized may somehow aid in filling the hole itself, particularly if the 
photoexcited nanoparticle had not yet completely relaxed, as explained in the next section. 
  
4.3.5 Improvements for Describing Capture of the Transferring Electron by the 
Hole 
If our model is insufficient for describing the e − capture by the hole, we envision a few 
ways to improve it for this purpose. First, rather than using a fully relaxed cationic nanoparticle 
for the pulling experiments, we could use a nanoparticle that is not fully relaxed. After an e −  is 
kicked off the neutral nanoparticle, the LUMO energy (i.e., that of the just-vacated orbital) is 
very nearly the same as that of the neutral HOMO, as expected since cationization of the 
nanoparticle in Jaguar simply removes the highest-energy e −  from the system. As the 
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nanoparticle relaxes, the LUMO energy increases well into the band gap. Thus, using an 
incompletely optimized cationic nanoparticle would make the hole more energetically accessible 
to the transferring e − . 
A second way to improve the model so that the hole captures the transferring e−  is to 
account for multiple photoexcitations; it has been shown [19] that the higher the intensity of the 
incident light, the stronger the oxidizing power of the hole. Third, it has been found that the 
photoexcited e−  comes from an orbital within the bulk of the nanoparticle rather than on the 
surface, generally resulting in a much lower-energy photoexcited hole, whose orbital energy 
increases as it gradually diffuses to the surface. While hole diffusion is interesting on its own, if 
this were accurately modeled, the oxidation power of the hole may again be strong enough for 
valence electrons to fall in energy into its orbital, at least before the hole makes it all the way to 
the surface.  
We note that even though these approaches may produce holes with enough oxidizing 
power to be filled by the transferring e−, they may instead produce holes higher in energy than 
that of the transferring e −, just as the method used in this work. In these cases, finite temperature 
calculations or excited state calculations might be employed in order for the hole to be filled by 
the transferring e− .  
If in experiment the photoexcited holes are indeed filled by the transferring electrons and 
our current model is therefore insufficient to describe this process, we stress that the 
inadequacies of the model may be limited to this particular effect. Our model and methodology 
are still the most comprehensive we have seen in literature for studying these types of 
phenomena [12] and the rest of our findings should still serve as a good first-order 
57 
 
approximation to more advanced studies, the results of which could be resolved with this work in 






















Chapter 5: Conclusion 
While we performed several pulling experiments on the medium nanoparticle, we 
performed a single pulling experiment on the large nanoparticle due to its large system size 
requiring demanding computational resources. We chose this balance for two main reasons. 
First, it was important to run any calculations at all on the large nanoparticle in order to verify 
the properties found for the cationic version of the medium nanoparticle, in particular, the 
localization of the hole on a surface O3c atom. By running the optimization on the cationic 
version of the large nanoparticle and finding localization of the hole instead on an O2c atom, we 
were able to determine that this particular finding for the medium nanoparticle was not 
generalizable to larger systems.  
Second, if the medium nanoparticle was not ostensibly representative of the large 
nanoparticle, could the results of the pulling experiments on the medium nanoparticle still be 
trusted to apply to larger systems? For example, would the hole in the large nanoparticle 
annihilate the transferring e − ? We find that the qualitative and quantitative results of the medium 
cationic pulling experiment on the large nanoparticle are similar to those on the medium 
nanoparticle. For example, just as in the medium nanoparticle, the charge on the O2c atom 
housing the hole remains at  − 0.55e to  − 0.53e throughout the entire pulling experiment, 
suggesting that the hole may indeed generally have nothing to do with the ET.  Thus, overall, we 
find no reason to doubt that any of our findings for the medium nanoparticle hold too for the 
large nanoparticle — which is the same order of magnitude in size as realistic anatase TiO2 
nanoparticles [28, 61] — and we conclude that it may not be necessary to run the other pulling 
experiments on the large nanoparticle pulling from a different adsorbate water molecule, saving 
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significant computing resources, and instead extrapolating the results from those from the 
medium nanoparticle. 
A major finding of this study was the role that the hole plays in the first PCET and what 
that means for the overpotential associated with the process. Identifying the source of the 
overpotential would very useful in designing and engineering a way around the problem, 
however that isn’t tractable without knowing the nature of the inefficiency. We have found that 
the source of the overpotential of the first PCET mostly comes from the instability of the species 
generated at the end of the PCET – namely, the adsorbate *OH. Although there is a transition 
state peak on the total system energy vs. reaction coordinate curves (correlating to the region 
where the newly-formed hydronium ion diffuses away from the system), this region is not much 
higher in energy than the product state plateau itself. The difference in total energy between the 
react and product states was 1.08 eV and 1.09 eV for the medium and large cationic 
nanoparticles, with the kinetic contribution (peak height relative to product state) amounting only 
to an additional 0.25 eV and 0.45 eV, respectively. Thus, we see that most of the increase in 
energy comes from the formation of the *OH adsorbate, with a smaller, additional penalty to 
have the hydronium diffuse away. We underscore that it is important to include the diffusion of 
the hydronium ion away from the nanoparticle after the proton transfer to it takes place – not just 
the transfer of the proton from the adsorbate O atom to the target water’s O atom – in order to 
capture the true transition state of the PCET. 
The hole itself does not appear to play a direct role in the PCET – as mentioned in Section 
4.3.3, the hole localizes on a surface O2c atom as soon as the nanoparticle is made cationic, 
remains there throughout the course of the optimizations and pulling experiments, and the 
properties of the hole remain constant. This remains true regardless of system size and where we 
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abstract the PCET proton from: it is perhaps the feature that is the most remarkably invariant 
over all of our different experiments. The hole is not filled by the electron transferring in the 
PCET, or any other atom – it persists at too high of an energy for that to occur. 
While the presence of the hole does reduce the amount of energy required for the PCET, it 
isn’t because it aids the electron transfer from the adsorbate water into the nanoparticle: we don’t 
find that that happens. Instead, we posit that the hole blocks out electron density from the surface 
of the nanoparticle near the hydronium ion diffusing away, thereby avoiding a situation where 
that electron density would otherwise electrostatically resist and hinder that from happening. 
While we focused on the first PCET of the OER in this study, we can use what we learned 
to hypothesize about the rest of the OER. We posit that the major factor in determining the 
energy required for the OER is the type of bond the intermediate species has with the surface Ti 
atom at the beginning of each PCET, verifying what others have found [64, 68], and that this 
bond type is dependent not on the stage of the OER but instead only on which surface is being 
studied. This is a direct consequence of the coordination structure of the surface Ti atom. For 
example, as we found that a Ti atom in the anatase TiO2 bulk tends to strongly donate an electron 
to each of four covalent bonds separated by about 90○ about its equator, throughout the OER on 
the (001) surface the Ti atom will have always “used up” its four covalent bonds so that the two 
bonds at its poles, including that with the surface species, must be donor-acceptor in nature. 
Further, as we found this bond prior to the first PCET to be weak and the “direction” of the 
negative charge to be from the adsorbate O atom to the surface Ti, we suspect that this bond will 
be of the same nature prior to the other three PCETs. Similarly, throughout the OER on the (101) 
surface the “orientation” of the coordination structure of the surface Ti atom will be constant so 
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that the bond with the surface species throughout the OER will be covalent, with the Ti atom 
donating negative charge strongly to the adsorbate O atom.  
 We posit that the mechanism proposed my Nakamura et al. [16] is not likely. It requires 
that the OER is started by the direct attack of a water molecule attacking a surface lattice O2c 
atom, which our findings don’t support; the hole appears to play no direct role in the OER, or at 
least the rate-determining first PCET. We find the PCET proceeds via a nucleophilic attack by a 
water on an undercoordinated Ti5c atom on the surface, adjacent to the hole O atom. The hole 
localizes on and remains trapped at this surface lattice O2c site and, as the proton is transferred 
away from the nanoparticle, the displaced electron density resides rather delocalized on the 
nanoparticle, too low in energy to fill the hole. 
Looking toward future work, it may be interesting to, rather than using ground-state DFT 
on a neutral nanoparticle, we could try the simulations using time-dependent DFT (TDDFT) on a 
neutral nanoparticle. This may be a more realistic way to model the system anyway, as in the real 
system there may be H+/H3O
+ species near the surface of the nanoparticle that induce the 
formation of trap states for the photoexcited electrons. This, most importantly, may also produce 
a more accessible photoexcited hole in the valence band of the nanoparticle, although if the 
nanoparticle were fully optimized using TDDFT and the hole did not interact with the e-, then it 
is likely the hole would again increase in energy into the band gap like we say as it relaxes to the 
surface. In this case, the qualitative results from using DFT on the ground-state cationic 
nanoparticle and TDDFT on the neutral nanoparticle would approximate each other. We note 
that using TDDFT the hole would be more accessible (at least before optimization) if the 
excitation occurs from a non-HOMO orbital, one of lower energy, so that the effective Fermi 
level of the hole would be below the valence band edge, allowing it to be filled by an electron 
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from a higher-energy orbital. That being said, hole relaxation to the top of the valence band is 
several orders of magnitude quicker than the subsequent chemical reaction occurring at the 
surface, so ground-state DFT seems reasonable to describe the hole trapped at the surface 
accurately [59, 69]. Moreover, the use of TDDFT and how it performs in the description of 
relaxation processes (i.e. the time evolution of large systems starting from a nonequilibrium 
condition) is largely unknown and untested [70, 71]. Treating our system using TDDFT and 
comparing those results to those obtained here with ground-state DFT on the cationic 
nanoparticles could help elucidate how TDDFT performs in these systems. 
Additionally, it would be valuable to see how the second PCET of the OER proceeds by 
doing a second cationization of our large nanoparticle and subsequent second pulling 
experiment. Where would the second hole localize on our system? Would holes continue to 
collect on the surface of the nanoparticle on bridging oxygen sites for subsequent cationizations? 
We saw in our large cationic nanoparticle system that the lengths of the bonds of the hole-
localized O atom to the Ti atom on either side of it noticeably lengthen due to the presence of the 
hole. It is possible that a second hole localized on this O atom could break a bond to one of the 
Ti atoms, liberating that surface O atom to potentially directly participate in the OER and/or 
provide a way for the holes to fill up and for the surface to “heal” itself of the holes. 
Experimentalists studying catalytic water splitting in TiO2 indeed find isotopic evidence that 
surface lattice O atoms are liberated from the surface to participate in the OER and evolve as part 
of an oxygen molecule generated in the end [72]. Solvent water molecules adsorb at the resulting 
oxygen vacancies, healing the nanoparticle’s structure. Studying the subsequent PCETs of the 
OER could reveal if this mechanism is plausible [73]. 
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Additionally, it would be interesting to continue simulating proceeding PCETs with our 
pulling experiments to study the overpotentials associated with them in their own right. 
Experimentalists have found [3, 15, 67, 74] a linear relationship between bond strengths of three 
water-derived intermediates that are generated over the course of the OER regardless of catalytic 
surface: *OH, *O, and *OOH. Namely, they show that the free energy of the second and third 
reaction steps sum to a constant amount of 3.2 eV on both metals and oxide surfaces, regardless 
of binding site and of *O intermediate binding strength. Put another way, ΔG2 + ΔG3  = 3.2 eV 
across all metal and metal oxide surfaces. An ideal water-splitting catalyst would split this 
difference evenly, adsorbing just strongly enough that the binding strength of the *O 
intermediate places the free energy of the associated reaction step 1.6 eV from that of either *OH 
or *OOH. When the binding of *O to the surface is stronger, ΔG2 grows and when the binding of 
it is weaker, ΔG3 grows; depending on its binding strength, the second or third PCETs may 
become sufficiently large to be potential-determining. However, even split evenly down the 
middle, there would appear to be an effectively unavoidable overpotential of at least about 0.37 
eV, since the lowest-possible potential 1.6 eV is 0.37 eV above the 1.23 eV theoretically 
required. It is proposed that the invariance in binding strength between *OH and *OOH comes 
from the similar nature of the bonds (oxygen atom single bonded to an undercoordinated metal 
atom; the *O intermediate involves a double bond and is hence naturally different). Surface 
modifications, like doping the surface of a TiO2 nanoparticle with other metals in order to tune 
the bonding strength to a level that places the *O intermediate ideally halfway between the 3.2eV 
gap between *OH and *OOH intermediates, should optimize OER efficiency. Metals deposited 
on TiO2 represent other, alternative complexes studied to help optimize OER catalytic activity, 
and while they do reduce the band gap of the material, electrons tend to accumulate at the 
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epitaxial surface [75]. However, it is important to note that these modifications come with trade-
offs of their own, like necessitating the use of expensive, unabundant, and/or toxic dopant metals 
or co-catalysts. Additionally, honing operating conditions (e.g. pH level) to help tune the binding 
strength to the ideal level is also possible, though other consequences (like deterioration of the 
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Appendix: Supporting Information 
A.1 Additional Simulation Methodology and Software Keywords 
The normal keywords used in the &gen section for the TiO2 nanoparticles studied for this 
paper are included below. The version of Jaguar used and to which these keywords apply is . 
Depending on the exact nanoparticle calculation, the keywords may have been slightly altered. 
For example, the molchg keyword and multip keyword were set to 0 and 1, respectively, for 
neutral nanoparticles, and were set to +1 and 0, respectively, for cationic nanoparticles. 
Unrestricted Hartree-Fock (iuhf = 1) was used for cationic systems only. Fields left blank mean 
the keyword was not explicitly included in the &gen section and so the default value was used.  
The general methodology we employed to optimize a nanoparticle from start to finish is 
detailed here. From its MATLAB geometry (described in Section 3.1), we optimized the 
nanoparticle first with the Fragmented Initial Guess algorithm, employing corresponding 
keywords below. This was to generate a good enough initial guess for the system, as the guesses 
produced by Jaguar itself for transition-metal-containing clusters as large as those we studied 
would not converge. We then optimized the cluster with this initial guess in vacuum before 
optimizing it in solvent (water), as trying to go directly from FIG job to a solvent optimization 
would similarly not converge. Optimizing the cluster in vacuum allowed the cluster atoms to 
evolve (slightly) from their perfect anatase MATLAB geometry and provide a tractable guess, 
though we had to take care not to let the optimization go too far, as at a certain point the 
nanoparticle would begin to warp and the passivation begin to degrade. This guess was further 
refined with a properties calculation using the vacuum properties keywords, allowing the SCF 
calculation to converge over more iterations to achieve a more precise guess. The system was 
then optimized in water using the solvent opt keywords. Lastly, the system’s guess was refined a 
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final time and several properties of its properties were printed out (frontier orbitals, charge 
populations of the atoms, etc.) using the solvent properties keywords below.  
It should be pointed out that for the cationic clusters, no FIG or vacuum calculations were 
done - these were created by taking the corresponding neutral nanoparticle after the vacuum 
properties stage and starting a new solvent stage optimization with molchg set to +1 and multip 
set to 2. The initial guess for these systems were already good enough that such preliminary 
optimizations were unnecessary. 
To summarize, the general strategy was to take the MATLAB geometry of a given TiO2 
nanoparticle and, first, get a good enough initial guess to start Jaguar calculations with, and then 
allow the nanoparticle to optimize a little bit (but not too much) in vacuum until we were able to 




















1 1 1 0 1 0 
basis lacvp lacvp lacvp lacvp lacvp lacvp 
cut20 2.00E-003 2.00E-003 2.00E-003 2.00E-003 2.00E-003 2.00E-003 
dconv 3.00E-006 5.00E-006 3.00E-006 3.00E-006 3.00E-006 3.00E-006 
dftname B3LYP B3LYP B3LYP B3LYP B3LYP B3LYP 
econv 1.00E-005 5.00E-005 2.00E-005 1.00E-005 2.00E-005 1.00E-005 
iacc 1      
iaccg  3 3 3 3 3 
iacscf 4 4 4 4 4 4 
igeopt 0 1 1 0 1 0 
iguess 11 11 11 11 11 11 
iorb1a  0 0 homo-1 0 homo-1 
iorb2a  0 0 lumo+1 0 lumo+1 
iorb1b  0 0 homo-1 0 homo-1 
iorb2b  0 0 lumo+1 0 lumo+1 
ipvirt  10 10 10 10 10 
isolv  0 0 0 2 2 
isymm 0 0 0 0 0 0 
itradj 1 1 1 1 1 1 
iuhf 0      
ldips  1 1 5 1 5 
maxit 3 10 8 250 8 250 
maxitg  10 300 1 300 1 
molchg 0 0 or 1 0 or 1 0 or 1 0 or 1 0 or 1 
mulken  0 0 1 0 1 
multip  1 or 0 1 or 0 1 or 0 1 or 0 1 or 0 
nofail 1      
nogas  2 2 2 2 2 
nops 0 0 0 0 0  
solvent     water water 
tradmn  0.06 0.06 0.06 0.06 0.06 
tradmx  0.2 0.2 0.2 0.2 0.2 
trust  0.15 0.15 0.15 0.15 0.15 




During the “pulling experiment” portion of this study, with the convergence of the large 
nanoparticle even more difficult to achieve than the medium nanoparticles given its larger size, 
special care was taken during its solvent optimization stage to ensure success. We froze all atoms 
more than 10 Å away from the target water oxygen atom to make the jobs computationally 
tractable, confident those atoms are too far away from the reaction site to be of consequence. 
Additionally, we allowed the step size the SCF calculation to start off larger than normal by 
increasing the tradmn, tradmx, and trust keywords. After it optimized for a while, we would stop 
the calculation, take the restart file with the current wavefunction, and restart the calculation with 
smaller step sizes (i.e. decreasing the value of the aforementioned keywords). We did this several 
times such that the last restart calculation for the solvent optimization stage was done using the 
normal values for tradmn, tradmx, and trust. One can think of the solvent optimization stage in 
this case as comprising four iterations, with decreasing step size. The values used for each step 




Keyword Small Step Medium 1 Step Medium 2 Step Large Step 
tradmn 0.06 0.06 0.06 0.06 
tradmx 0.20 0.50 0.65 0.85 
trust 0.15 0.45 0.60 0.80 




A.2 Detailed Geometry Optimization Results  
A.2.1 Medium Nanoparticle  
The geometries of the neutral (left) and cationic (right) versions of the optimized medium 
nanoparticle are shown in Fig. 11. The neutral version shows that the anatase structure is well-
maintained, whereas the cationic version shows the surface reconstruction mentioned in Section 
3.4. Fig. 12 shows the HOMO/LUMO/hole orbitals (top) and densities of state (bottom) of the 
neutral (left) and cationic (right) versions of the nanoparticle. The top-right subfigure shows that 
the hole resides on the “reconstructing” O atom, and the bottom-right subfigure shows the orbital 
energy of this hole to lie in the band gap, closer to the LUMO energy. It is confirmed from a 
Mulliken population analysis that the hole lies on this reconstructing O atom, with its charge 
increasing from  − 0.90e in the neutral version to  − 0.53e in the cationic version, compared to an 
average charge of  − 0.92e on the other O3c atoms and  − 0.77e on the O2c atoms on the top (001) 
surface of the cationic nanoparticle. The computed gap of the neutral nanoparticle is 4.62 eV and 
that of the cationic nanoparticle is 4.58 eV, excluding the hole state inside the gap, which is 3.12 
eV above the HOMO and 1.46 eV below the LUMO. This is above the experimental value of 3.2 







Figure 11 - Solvent-optimized neutral (left) and cationic (right) versions of the medium 




Figure 12 - Orbitals and densities of state of the clusters shown. (Top) Orbitals overlaid on 
the optimized geometries of the neutral (left) and cationic (right) versions of the medium 
nanoparticle. The HOMOs are colored blue/red and consist of primarily O2p atomic orbitals, the 
LUMOs are colored green/yellow and consist of primarily Ti3d atomic orbitals, and the hole, 
which is centered on the topmost, reconstructing O atom, is colored white/gray and consists of 
primarily O2p atomic orbitals. The neutral orbitals are two-particle and the cationic orbitals are 
one-particle. (Bottom) Corresponding plots of densities of state showing the valence band, the 
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band gap, and the 20 lowest-energy virtual spin orbitals that are outputted in the DFT 
calculations. The orbital energy of the hole in the cationic version is seen as the single state 
within the HOMO/LUMO gap. 
 
The location of the beta HOMO (O2p) in the neutral version of this nanoparticle is primarily 
the same as that of the hole in the cationic version, though the latter is even more localized. As 
expected, upon kicking an electron off the neutral version, giving the nanoparticle a  +1e charge, 
the beta LUMO initially has nearly the same energy as the beta HOMO in the neutral version and 
is located at nearly the same place. As the cationic optimization proceeds (and as surface 
reconstruction occurs), the beta LUMO, which is the hole orbital, increases from the HOMO 
energy to its final energy well within the band gap.  
Fig. 13 and Tables 9 and 10 describe how the charges and bond lengths in the optimized 
cationic version of the nanoparticle change relative to those in the neutral version. The left 
graphic of subfigure (b) shows that the reconstructing O atom becomes significantly more 
positively charged (dark blue) and the center Ti atom significantly more negatively charged 
(dark red) as the donor-acceptor bond between them (“surface ring middle bond”) breaks. 
Simultaneously, the other two O atoms and two Ti atoms that complete the six-atom “surface 
ring” become more positively and more negatively charged, respectively, though not to as large a 
degree. In addition, two Ti atoms (the “close” and “far” Ti atoms) become more negatively 
charged as the bonds they have with the two lower pinching-inward O atoms of the surface ring 
are stretched significantly, as shown by the blue “close bond” and the lack of a drawn “far bond” 
at all in subfigure (b). The total change in charge on these eight atoms is nearly zero (0.02e) even 
though five become more negatively charged and only three more positively charged, a testament 
to how much more positively charged the reconstructing O becomes due to the presence of the 
hole (0.26e) due exclusively to the hole and not including the positive contribution due to the 
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breaking of the surface ring middle bond. Throughout our studies we find that excess positive 
and negative charge, when not clearly associated with a particular orbital (such as the hole), 
tends to accumulate on bulk Ti atoms instead of bulk O atoms. Indeed, the 16 “uninvolved” Ti 
atoms in the medium nanoparticle system carry much of the +1e additional charge (0.56e), for an 
average increase of 0.03e on each atom, seen by the overall blue color of the remaining 16 large 
circles in the left graphic of subfigure (b). 
 
Charges (e; cutoff = 0.037) 
Atom Name Neutral (a) Cationic (b) Notes 
Surface Ring O 1 -0.90 -0.53 Reconstructing O 
Surface Ring O 2 -0.89 -0.81 Bottom DA O – surf. 
Surface Ring O 3 -0.87 -0.80  
Surface Ring Ti 1 1.58 1.54 Surface Ti – surf. 
Surface Ring Ti 2 2.12 1.88 Center Ti 
Surface Ring Ti 3 1.62 1.57  
Close Ti 1.65 1.54  
Far Ti 1.59 1.51  
Avg. Uninvolved Ti 1.51 1.54 There are 16 of these 
Table 9: Significantly changing charges of interest upon cationization and subsequent 
optimization of the medium nanoparticle. The corresponding plot of the changes in charge of all 
the atoms is shown in Fig. 5, to the subfigures which the letters identify in the column headers. 
DA means donor-acceptor. 
 
 
Bond lengths (Å; cutoff = 0.079) 
Atom Name Neutral (a) Cationic (b) Notes 
Surface ring bond 1 1.94 2.06  
Surface ring bond 2 1.93 1.81  
Surface ring bond 4 1.93 1.82  
Surface ring bond 6 1.90 2.03  
Surface ring middle 
bond 
2.11 3.45  
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Close bond 2.16 2.78  
Far bond 2.24 2.95  
Table 10: Significantly changing bonds of interest upon cationization and subsequent 
optimization of the medium nanoparticle. The corresponding plot of the changes in bond lengths 






Figure 13 - Plot of how the charges (left) and bond lengths (right) change between the optimized 
(a) neutral version of the medium nanoparticle and the (b) cationic version. The nanoparticles in 
this figure are rotated roughly 90○ about the [001] direction from the orientations in other figures 
to better showcase the changing bonds. The numerical values of the important, significantly 
changing charges and bond lengths are listed in Tables 15 and 16, respectively. (c) Colorbars 






A.2.2 Large Nanoparticle  
Geometry and electronic properties calculations were completed for both a neutral and a 
cationic large nanoparticle passivated with waters. The results of the neutral and cationic large 
nanoparticles largely align with those found for the medium nanoparticles (with the exception of 
the lack of surface reconstruction in the cationic nanoparticle that was observed in the medium 
cationic nanoparticle, discussed below). As in the medium nanoparticles, many of the surface-
adsorbed, donor-accept-bonded water ligands readily disassociated from the (001) surface. We 
reiterate that in solvent water, substantially less than 100% coverage of the (001) surface is 
reasonable due to the molecular nature of their association to the (001) surface; adsorption on the 
(101) surface, conversely, is dissociative and thus complete.  
The results (Table 11) from these large nanoparticle jobs reveal a bandgap of 4.04 eV in 
the neutral system and of 4.15 eV in the cationic system, with the hole 1.42 eV below the LUMO 
and 2.73 eV above the HOMO for the cationic nanoparticle. The band gap for the large 
nanoparticle system is smaller than that of the medium by about 0.5 – 0.6 eV for both charge 
states: this trend was expected again due to finite-size effect. Interesting to note is that, going 
from the medium to large nanoparticle, the decrease in band gap is due mostly to the valence 
band edge increasing in energy relative to the hole and conduction band edge. A Mulliken 
population analysis shows reveals the hole in the large cationic nanoparticle to reside on a 
surface O2c atom, with the charge of the atom increasing from  −0.78e in the neutral large 
nanoparticle to  −0.54e in its cationic counterpart, an increase of 0.25e. This is in contrast to an 
average charge on the other (001) surface O2c atoms of  −0.77e for both the neutral and cationic 
clusters, and an average charge on the O3c atoms in the layer beneath the (001) surface where the 
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hole resides of  − 0.91e in both nanoparticles. No difference in charge on these oxygen atoms 
between the neutral and cationic nanoparticles exceeded  −0.01e, except of course for the O2c 
surface oxygen where the hole localized. 
 
Energy (eV) 
 Medium Nanoparticle Large Nanoparticle 
Neutral nanoparticle band gap 4.62 4.04 
Cationic nanoparticle band gap 4.58 4.15 
Hole energy (above HOMO) 3.12 2.73 
Hole energy (below LUMO) 1.46 1.42 
Table 11 – Band gaps and hole energies for medium and large nanoparticle systems. Values for 
medium nanoparticle were taken from the “surface” cases. Note that hole energies only apply to 
cationic systems. 
 
Although the results between the medium and large nanoparticle optimizations and 
electronic properties largely align, they are partially at odds with what we found in some 
versions of the medium cationic nanoparticle where a surface reconstruction occurred. Instead, 
interesting (if not more modest) local behavior at the top (001) surface of the nanoparticle is 
observed. In the neutral large nanoparticle, the bond lengths of same-type bonds are almost 
identical: the bonds along the surface between undercoordinated Ti atoms and bridging O atoms 
is, on average, between 1.81Å and 1.88Å. Although those on the edge are skewed a bit to be as 
high as 1.91Å or as low as 1.79Å, they occur in pairs to offset each other such that, in all cases, 
the sum of the two bonds coming from a bridging O (in a sense, the length of the entire oxygen 
bridge) is between 3.60Å and 3.67Å. For the large cationic nanoparticle, the same is true except 
for one important difference. For one bridging oxygen atom, the bond lengths on either side of 
the surface Ti atom are 2.03Å and 2.06Å, respectively. Together, these create a oxygen bridge 
length of 4.09Å, which is significantly larger than any other oxygen bridge length in either the 
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neutral or cationic system. Manual inspection reveals the two Ti atoms on either side of the 
bridging oxygen to be lengthening directly outward, parallel to the bonds. Additionally, 
visualization of the frontier orbitals of these systems show that, in the cationic case, the beta 
LUMO (corresponding to the newly created hole) localizes on this bridging oxygen atom. This 
makes sense, as a hole localized on this atom should weaken the bonds it makes, as it reduces the 
electron density available to that atom to make bonds with. So, while no reconstruction happens 
surrounding the bridging O atom where the hole is localized in the large cationic nanoparticle 
case as it does in some instances of medium cationic nanoparticle case, more modest spatial 
movements occur as a result of hole creation and localization that are in line with the rest of the 
results obtained from the medium nanoparticles. We suspect the reconstruction that occurs in 
some of the medium cationic nanoparticle cases is an artifact of the unrealistically small size of 
the system or the freezing of the Ti atoms necessary to have a well-defined reaction coordinate, 
and that it had little impact on the total system energies obtained. 
 
A.3 Detailed Pulling Experiments Results  
A.3.1 Medium Nanoparticle  
Although we focused on the systems where we pulled the H+ participating in the PCET 
from a water molecule squarely on the (001) surface of the medium nanoparticle (“surface” case) 
in the main body of this thesis, particularly the cationic system, we also performed these pulling 
experiments on a water ligand located at the edge of the (001) surface (“edge” case), constituting 
four pulling experiments on the medium nanoparticle: the neutral/surface case, the 
cationic/surface case, the neutral/edge case, and the cationic/edge case. We focus on the 
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“surface” cases in the main body of this thesis mainly because it is the analogue case to our 
bigger, more instructive large nanoparticle pulling experiment and because the difference 
between the edge and surface cases on the nanoparticle are relatively minor, if not still 
interesting in their own right. Here we compare them with the “edge” cases.  
Snapshots (b) in Figs. 7, 14, 15, and 16 show that as the solvent H2O is placed near the 
adsorbed H2 O, the charge on the transferring H +  increases on average   from 0.46e to 0.49e in 
the four pulling experiments; that on the adsorbate’s O atom decreases on average from  − 0.73e 
to  − 0.79e in the four cases; and that on the Ti atom on the surface decreases from 1.53e to 
1.51e in the cationic/surface case and increases from 1.52e to 1.57e, 1.58e to 1.60e, and 1.47e to 
1.56e in the cationic/edge, neutral/surface, and neutral/edge cases, respectively.  
The bond between the transferring H +  and the adsorbate O lengthens on average from 
0.98Å to 1.01Å in the four cases and that between the adsorbate O and the surface Ti (“top 
donor-acceptor bond”) shortens on average from 2.24Å to 2.16Å in the surface cases and from 
2.39Å to 2.23Å in the edge cases.  
These results provide further evidence of a potential mechanism for the initial separation 
of charge required for the PCET: as the negatively charged O atom of the solvent H2 O pushes 
negative charge from the transferring H +  (making it more positive) to the adsorbate O (making it 
more negative), it simultaneously pulls on the positively charged transferring H +  itself, 
lengthening the bond between the H +  and the adsorbate O.  
We note that since the distance and location between the adsorbed H2 O and the nearby 
H2 O is arbitrary in snapshots (b) (solvent molecule arbitrarily close to the nanoparticle), it is 
difficult to compare between the specific cases (cationic vs. neutral, surface vs. edge) for this 
snapshot. However, since in all four pulling experiments snapshots (c) through (e) depict the 
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system in well-defined states — just before the H +  transfer, just after the H +  transfer, and with 
the H3 O +  effectively pulled infinitely far away, respectively — it is more valid to make 
comparisons between specific cases for these snapshots, as we do now. 
Snapshots (c) show that as the transferring H +  is pulled further without yet transferring to 
the solvent H2O, there is a fundamental difference between the surface and edge cases: in the 
latter, the bond between the Ti atom on the surface and the O atom beneath it (“bottom donor-
acceptor bond”) breaks, as if the force of the pulling on the H +  is exerted through the attached 
adsorbate O and surface Ti and literally pulls the bottom donor-acceptor bond apart. This greatly 
affects the charges and bond lengths in the system, making doing the pulling experiment for edge 
cases more cumbersome. 
Regardless, the charge on the adsorbate’s non-transferring H atom decreases on average 
from 0.46e to 0.45e in the surface cases and increases on average from 0.46e to 0.48e in the 
edge cases; that on the transferring H +  decreases on average from 0.49e to 0.47e in the surface 
cases and increases on average from 0.48e to 0.49e in the edge cases; that on the adsorbate O 
increases on average from  − 0.79e to  − 0.77e in the surface cases and decreases on average 
from  − 0.78e to  − 0.80e in the edge cases; that on the surface Ti remains at 1.51e in the 
cationic/surface case, decreases from 1.60e to 1.57e in the neutral/surface case, and decreases on 
average from 1.57e to 1.48e in the edge cases; and that on the O atom beneath the surface Ti 
atom (“bottom donor-acceptor O”) remains at  − 0.82e in the cationic/surface case and at 
 − 0.90e in the neutral/surface case and increases on average from  − 0.93e to  − 0.78e in the edge 
cases. The top donor-acceptor bond lengthens on average from 2.16Å to 2.25Å in the surface 
cases and shortens on average from 2.23Å to 2.13Å in the edge cases.  
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Snapshots (d) show that just after the H +  transfers to the nearby H2 O, in the surface cases 
the surface Ti moves upward toward the adsorbate, simultaneously shortening the top donor-
acceptor bond and lengthening the bottom donor-acceptor bond. We posit that the Ti moves 
upward — rather than the entire adsorbate moving downward — because even though the H +  
has moved away, allowing the positively charged Ti to be attracted to the negative charge the H +  
left behind on the remaining H and adsorbate O, the H +  is still near the negatively charged 
adsorbate O and the left-behind negative charge and therefore holds the adsorbate in place 
through electrostatic attraction. Though near-subsequent snapshots are not shown, as the H3 O +  
is pulled farther away from the configuration in (d), the surface Ti — and therefore the entire 
adsorbate — settles downward back into the nanoparticle, likely because the positively charged 
H3 O +  attracts the adsorbate O and the negative charge left behind by the H +  less and less. Thus, 
the charges and bond lengths on the system gradually equilibrate to their final values of 
snapshots (e). In contrast, as the H +  transfer occurs in the edge cases, the bottom donor-acceptor 
bond immediately snaps back together and the charges and bond lengths on the system nearly 
immediately acquire their final values of snapshots (e).  
In snapshots (d), the charge on the adsorbate’s remaining H atom decreases on average 
from 0.45e to 0.40e in the surface cases and from 0.48e to 0.42e in the edge cases; that on the 
adsorbate O decreases on average from  − 0.77e to  − 0.80e in the surface cases and increases on 
average from  − 0.80e to  − 0.75e in the edge cases; that on the surface Ti decreases from 1.51e 
to 1.42e, 1.49e to 1.48e, 1.57e to 1.52e, and 1.47e to 1.42e in the cationic/surface, cationic/edge, 
neutral/surface, and neutral/edge cases, respectively; that on the bottom donor-acceptor O 
increases from  − 0.82e to  − 0.77e in the cationic/surface case and from  − 0.90e to  − 0.88e in 
the neutral/surface case and decreases on average from  − 0.78e to  − 0.86e in the edge cases; 
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that on the H3 O +  increases on average from 0.57e to 0.88e in the surface cases and from 0.59e 
to 1.01e in the edge cases; and that on the adsorbate+H3 O +  system increases on average from 
0.25e to 0.49e in the surface cases and from 0.28e to 0.68e in the edge cases.  
The top donor-acceptor bond shortens from 2.24Å to 2.00Å in the cationic/surface case, 
from 2.26Å to 2.10Å in the neutral/surface case, and on average from 2.13Å to 1.89Å in the edge 
cases and the bottom donor-acceptor bond lengthens on average from 1.92Å to 2.17Å in the 
surface cases and goes from unbonded to an average of 2.41Å in the edge cases.  
Snapshots (e) show that after the H3 O +  is pulled far away from the nanoparticle, overall, 
in all cases the top donor-acceptor bond shortens, the bottom donor-acceptor bond lengthens, and 
negative charge has flowed from the adsorbate into the nanoparticle. In the surface cases the 
largest concentration of this negative charge is on the surface Ti atom, and in the edge cases this 
higher concentration of negative charge is more or less distributed amongst the three Ti atoms 
(which includes the surface Ti atom) making up the six-atom “edge ring” whose inner bond is 
the bottom donor-acceptor bond.  
The charge on the adsorbate O increases on average from  − 0.80e to  − 0.75e in the 
surface cases and decreases on average from  − 0.75e to  − 0.76e in the edge cases; that on the 
surface Ti decreases from 1.42e to 1.40e, increases from 1.48e to 1.49e, decreases from 1.52e to 
1.50e, and decreases from 1.42e to 1.41e in the cationic/surface, cationic/edge, neutral/surface, 
and neutral/edge cases, respectively; that on the bottom donor-acceptor O remains at  − 0.77e in 
the cationic/surface case, increases from  − 0.88e to  − 0.87e in the neutral/surface case, and 
decreases on average from  − 0.86e to  − 0.88e in the edge cases; that on the H3O +  becomes 
exactly 1.00e in all four cases; and that on the adsorbate + H3 O +  system becomes on average 
0.67e in all four cases. The top donor-acceptor bond shortens from 2.00Å to 1.88Å in the 
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cationic/surface case, from 2.10Å to 1.89Å in the neutral/surface case, and remains at an average 
of 1.89Å in the edge cases and the bottom donor-acceptor bond shortens from 2.19Å to 2.09Å, 
shortens from 2.38Å to 2.25Å, lengthens from 2.16Å to 2.18Å, and shortens from 2.45Å to 
2.28Å in the cationic/surface, cationic/edge, neutral/surface, and neutral/edge cases, respectively. 
Comparing briefly the surface case to the edge case for each of the cationic and neutral 
pulling experiments on the medium nanoparticle, we see that based on thermodynamics alone the 
surface cases require less energy than the edge cases (by 0.19 eV for the cationic nanoparticle 
and 0.18 eV for the neutral nanoparticle) and that when kinetic contributions are taken into 
account, the same conclusions hold). While one need not study the kinetics of the PCET to come 
to the conclusion that it is more likely to occur at a surface adsorbate than at an edge adsorbate 
by chance, such a study as this affords a physical explanation for this, as we provided in Section 
4.3.2 when we discussed the electron transfer that occurs during this process. We note that this 
conclusion is in contrast to studies [4] suggesting that the OER occurs more readily at edges (and 





Figure 14 – Changes in charge (left of each subfigure) and bond length (right of each 
subfigure) for selected snapshots of the pulling experiment performed on the medium, cationic 
nanoparticle from an “edge” water adsorbate relative to the properties for (a) the cationic 
nanoparticle with no nearby explicit water added. (b) First datapoint of the pulling experiment; 
7.03 Å. (c) Datapoint 3; 7.63 Å. (d) Datapoint 4; 7.73 Å. (e) Datapoint 17; 16.03 Å. (f) Colorbars 
describing the change in charge (top) and bond length (bottom) of the other subfigures. The 
numerical values of the important, significantly changing charges and bond lengths are listed in 





Figure 15 – Changes in charge (left of each subfigure) and bond length (right of each 
subfigure) for selected snapshots of the pulling experiment performed on the medium, neutral 
nanoparticle from an “edge” water adsorbate relative to the properties for (a) the cationic 
nanoparticle with no nearby explicit water added. (b) First datapoint of the pulling experiment; 
7.03 Å. (c) Datapoint 3; 7.63 Å. (d) Datapoint 4; 7.73 Å. (e) Datapoint 17; 16.03 Å. (f) Colorbars 
describing the change in charge (top) and bond length (bottom) of the other subfigures. The 
numerical values of the important, significantly changing charges and bond lengths are listed in 





Figure 16 – Changes in charge (left of each subfigure) and bond length (right of each 
subfigure) for selected snapshots of the pulling experiment performed on the medium, neutral 
nanoparticle from a “surface” water adsorbate relative to the properties for (a) the cationic 
nanoparticle with no nearby explicit water added. (b) First datapoint of the pulling experiment; 
7.03 Å. (c) Datapoint 3; 7.63 Å. (d) Datapoint 4; 7.73 Å. (e) Datapoint 17; 16.03 Å. (f) Colorbars 
describing the change in charge (top) and bond length (bottom) of the other subfigures. The 
numerical values of the important, significantly changing charges and bond lengths are listed in 
Tables 16 and 17. 
 
 
Charges (e; cutoff=0.037) 
Atom name (a) (b) (c) (d) (e) Notes 
Close Ti 1.55 1.55 1.50 1.55 1.54  
Edge ads. H 
1 
0.46 0.48 0.49 0.55 0.55 
Transferring 
H − edge 
Edge ads. H 
2 
0.46 0.46 0.48 0.42 0.41 
Other adsorbate 
H – edge 
Edge ads. O −0.73 −0.78 −0.80 −0.74 −0.75 Adsorbate 
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O – edge 
Edge ring O 
1 
−0.92 −0.92 −0.83 −0.92 −0.92  
Edge ring O 
2 
−0.93 −0.93 −0.78 −0.86 −0.89 
Bottom DA 
O – edge 
Edge Ring 
O 3 
−0.88 −0.87 −0.83 −0.85 −0.87  
Edge Ring 
Ti 1 
1.52 1.57 1.49 1.48 1.49 
Surface 
Ti − edge 
Edge Ring 
Ti 2 
1.63 1.63 1.51 1.57 1.59  
Edge ring Ti 
3 




1.59 1.55 1.55 1.55 1.55 
There are 17 of 
these 
Table 12 – Significantly changing charges of interest during the cationic/edge medium 
nanoparticle pulling experiment. The corresponding plot of the changes in charge is shown in 
Fig. 16, to the subfigures to which the letter identifiers in the column headers refer. 
 
 
Bond Lengths (Å; cutoff=0.079) 
Bond name (a) (b) (c) (d) (e) Notes 
Close bond 2.76 2.69 2.81 2.62 2.68  
Edge Ti − O  2.37 2.24 2.13 1.89 1.89 
Top 
DA – edge 
Edge ring 
bond 1 
1.91 1.89 1.79 1.88 1.90  
Edge ring 
bond 2 
2.02 2.04 2.41 2.06 2.05  
Edge ring 
bond 3 
2.00 1.98 1.80 1.88 1.91  
Edge ring 
bond 4 
1.98 1.97 1.84 1.88 1.90  
Edge ring 
bond 5 
1.97 1.98 2.06 2.02 2.00  
Edge ring 
middle bond 
1.97 2.00 3.23 2.38 2.25 
Bottom  
DA – edge 
 
Table 13 – Significantly changing bond lengths of interest during the cationic/edge medium 
nanoparticle pulling experiment. The corresponding plot of the changes in bond lengths is 




Charges (e; cutoff=0.037) 
Atom name (a) (b) (c) (d) (e) Notes 
Surface ring 
Ti 1 
1.58 1.60 1.64 1.61 1.61 
Surface  
Ti – surf. 
Edge ads. H 
1 
0.45 0.48 0.49 0.55 0.55 
Transferring 
H − edge 
Edge ads. H 
2 
0.46 0.45 0.48 0.43 0.42 
Other adsorbate 
H – edge 
Edge ads. O −0.73 −0.78 −0.79 −0.75 −0.76 
Adsorbate 
 O – edge 
Edge ring O 
1 
−0.93 −0.93 −0.89 −0.93 −0.93  
Edge ring O 
2 
−0.93 −0.93 −0.79 −0.85 −0.88 
Bottom DA 
 O – edge 
Edge Ring 
O 3 
−0.87 −0.87 −0.82 −0.84 −0.87  
Edge Ring 
Ti 1 
1.47 1.56 1.47 1.42 1.41 
Surface 
Ti − edge 
Edge Ring 
Ti 2 
1.59 1.60 1.52 1.55 1.55  
Edge Ring 
Ti 3 




1.59 1.55 1.55 1.55 1.55 
There are 17 of 
these 
Table 14 – Significantly changing charges of interest during the neutral/edge medium 
nanoparticle pulling experiment. The corresponding plot of the changes in charge is shown in 
Fig. 17, to the subfigures to which the letter identifiers in the column headers refer. 
 
 
Bond Lengths (Å; cutoff=0.079) 
Bond name (a) (b) (c) (d) (e) Notes 
Surface ring 
middle bond 
2.11 2.06 2.07 2.01 2.05  
Edge Ti − O  2.41 2.21 2.13 1.88 1.89 
Top 
DA – edge 
Edge ring 
bond 1 
1.92 1.91 1.82 1.88 1.91  
Edge ring 
bond 2 
1.99 2.01 2.14 2.04 2.03  
Edge ring 
bond 3 





1.99 1.97 2.05 2.02 2.01  
Edge ring 
bond 5 
1.96 1.97 2.05 2.02 2.01  
Edge ring 
middle bond 
1.97 2.01 3.10 2.45 2.28 
Bottom  
DA – edge 
Table 15 – Significantly changing bond lengths of interest during the neutral/edge medium 
nanoparticle pulling experiment. The corresponding plot of the changes in bond lengths is 




Charges (e; cutoff=0.037) 
Atom name (a) (b) (c) (d) (e) Notes 
Surface ads. 
H 1 
0.46 0.49 0.47 0.51 0.55 
Transferring 
H – surf. 
Surface ads. 
H 2 
0.46 0.46 0.45 0.40 0.41 
Other adsorbate 
H – surf. 
Surface ads. 
O 
−0.73 −0.80 −0.77 −0.80 −0.74 
Adsorbate 
O – surf. 
Surface ring 
Ti 1 
1.58 1.60 1.57 1.52 1.50 




2.12 2.10 2.11 2.07 2.06 Center Ti 
Surface ring 
Ti 3 
1.62 1.58 1.60 1.59 1.58  
Edge ring  
Ti 1 
1.47 1.44 1.44 1.44 1.43 
Surface 




1.52 1.53 1.53 1.52 1.52 
There are 17 of 
these 
Table 16 – Significantly changing charges of interest during the neutral/surface medium 
nanoparticle pulling experiment. The corresponding plot of the changes in charge is shown in 
Fig. 18, to the subfigures to which the letter identifiers in the column headers refer. 
 
 
Bond Lengths (Å; cutoff=0.079) 
Bond name (a) (b) (c) (d) (e) Notes 
Surface 
Ti – O 





1.91 1.94 1.94 2.16 2.18 
Bottom 
DA – surf. 
Surface ring 
bond 3 
1.93 1.89 1.89 1.84 1.83  
Surface ring 
bond 4 
1.93 1.97 1.96 1.98 2.03  
Close bond 2.16 2.13 2.12 2.03 2.02  
Edge Ti – O 2.41 2.48 2.45 2.50 2.56 Top DA – edge 
Table 17 – Significantly changing bond lengths of interest during the neutral/surface medium 
nanoparticle pulling experiment. The corresponding plot of the changes in bond lengths is 
shown in Fig. 18, to the subfigures to which the letter identifiers in the column headers refer. 
 
 
 
 
